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Introduction

@ A particle interacts with the vacuum chamber produces EM fields.

@ The motion of a particle following is perturbed.

(E7 B) seen by - (E7 B) external, from + (E7 B) wake
particles magnets, rf, etc. fields
where
(E é) { x beam intensity
’ ak Fadll o)
{%Voidz < (Ea B)external
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@ Perturbation breaks down when potential-well distortion is large.
Then, distortion has to be included into non-perturbative part.
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Introduction

@ A particle interacts with the vacuum chamber produces EM fields.

@ The motion of a particle following is perturbed.

(E’ B) seen by - (E7 B) external, from + (E7 B) wake
particles magnets, rf, etc. fields
where
(. B) { x beam intensity
’ rake C D
{\iyvoid: < (E B)extemal

@ Perturbation breaks down when potential-well distortion is large.
Then, distortion has to be included into non-perturbative part.

@ What we need to compute are the EM wake fields at a distance
z behind the source particle.

@ The computation of the wake fields is nontrivial.

@ Two approximations lead to a lot of simplification.
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1. Rigid-Bunch Approximation jij

@ Motion of beam not affected during traversal through discontinuities.

A Source particle at s=(ct
Witness particle at s=z + (3ct

witness 7

v
7777777777777777777777 @ —e>-*—=  7<0for particle following.
source S This does not imply

-
z .
v no synchrotron motion.

@ Rigidity implies beam at high energies.
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1. Rigid-Bunch Approximation jij

@ Motion of beam not affected during traversal through discontinuities.

A Source particle at s=(ct
Witness particle at s=z + (ct

witness 7

v
7777777777777777777777 @ —e>-*—=  7<0for particle following.
source S This does not imply

-
z .
U no synchrotron motion.

@ Rigidity implies beam at high energies.
2. Impulse Approximation
@ We do not care about the wake fields E', B, or the wake force F.

@ We only care about the impulse

Aﬁz/ drﬁ:/ dt g(E + v x B)

@ We will see how the simplification evolves.
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Panofsky-Wenzel Theorem Jij

o Maxwell equation for witness particle at (x,y,s,t) with s = z + 5t

V-E = ar Gauss's law for electric charge
€0

_ - 10E

VxB — 29 1ogBcps Ampere's law

V-B=0 Gauss's law for magnetic charge

_ - OB

VXE+ — oy =0 Faraday's & Lenz law

@ Want to write Maxwell equation for the impulse Ap.

First compute

o.F_ d° _ B0k
with F = g(E + vV x B) €©y> ¢ ot’
.- 9
VXxF=—-q| = +pc—|B
7 <8t e )
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ﬁxAﬁ(x,y,z):/ dt [ﬁxlj_(x,y,s,t)
T

PN T s=z+[fct )
this Vv refers this Vv refers
to x,y,z to x,y,s

[m] = =
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D
VxAﬁ(x,y,z):/ dt [VxF(x,y,s,t)} :
T 0o T s=z+[fct
this Vv refers this Vv refers
to x,y,z to x,y,s
We obtain

VXAB = /00 dt {<§t+ﬂca> B(x,y,s, t)}

>~ dB - oo
—q/ dt — = —qB(x,y,z+pfct, t)‘
. dt t=—

o F
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ﬁxAﬁ(x,y,z):/ dt [ﬁxﬁ(x,y,s,t)}
T —00

T s=z+[fct .
this Vv refers this Vv refers
to x,y,z to x,y,s

We obtain

VXAB = / dt o +[3c2 (X y,S, t)
—0o0 at s=z+ct

>~ dB - oo
—q/ dt — = —qB(x,y,z+pfct, t)’
. dt t=—

0,

. - Ap, A
@ Dot product with § = V- (§xAp) = OQpx _ 9Apy

dy Ox

[m] = =
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ﬁxAﬁ(x,y,z):/ dt [ﬁxﬁ(x,y,s,t)}
T —00

T s=z+[fct .
this Vv refers this Vv refers
to x,y,z to x,y,s

We obtain

VXAB = / dt o +[3c2 (X y,S, t)
—0o0 at s=z+ct

>~ dB - oo
—q/ dt — = —qB(x,y,z+pfct, t)’
. dt t=—

0,

. - Ap, A
@ Dot product with § = V- (§xAp) = OQpx _ 9Apy

dy Ox
R o0 .. -
@ Cross product with 5 — 3 Ap, =V Aps

«—— P-W Theorem

[m] = =
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ﬁxAﬁ(x,y,z):/ dt {ﬁxl?(x,y,s,t)}

T 0o T s:z+ﬁct.
this Vv refers this Vv refers
to x,y,z to x,y,s
We obtain

Y p= fq/ dt Ka c> B(X Y, S, t)}

J —oo 9 s=z+[(ct
o B
—q/ dt Z— = —qB(x y,z+fct, t)’ B =0,

0Ap.  OAp,
dy  Ox

e Dot product with § = V. (§xApB) —

. 0 -
@ Cross product with 5 — p Ap, =V | Aps. +—— P-W Theorem
V4

@ P-W theorem gives strong restriction between longitudinal and
transverse.

@ But it is very general. Does not depend on any boundary conditions.
Even do not require 3 = 1.
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Supplement to Panofsky-Wenzel Theorem

B=1 = V,-Ap, =0.
Proof:

T T, BOE,
VA dt{V«F , ,.t] - / g LA
P '/7OO (X/y * ) s=z+ct q _ 60'7’2 c Ot s—z+ct

o OEs 0
— q/ dt { } = —Aps
NS (] M 0 4

Use has been made of

qp

© Space-charge term g omitted because 3 — 1.
0
0 d ds 0
7Es ) :7Es ) _77Es s b))
° ot (s:¢) dt (s:¢) dt Os (s:¢)

Maxwell equations now become

- - 0 .
VxAp=0 and V- -Ap= @Aps without any source terms.

K.Y. Ng (Fermilab) Coupling Impedances in Accelerator Rings November, 2009 8 /112



Cylindrical Symmetric Vacuum Chamber

) ) o, )
9 _ 9 — (rApp) =—mA
o (rAApy) OGA'Dr or ( p@) Pr
9 ) 0 0
Y np =L —Ap,=—Ap
OzApr OrAps 8z Pr= 5P
0 10 ; 9 .. m ..
52201~ 5P oz 0= B
D D o, )
gy (e ==gglp (F=1) o (rBp)=—mBpy (3=1)

@ Cylindrical symmetry = expansion in terms of cos mf or sin m0.
We write Aps = Apscosmf, Ap, = Ap,cosml, Apg = Apgysin mb,
where Aps, Ap,, and Apy are #-independent.
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) ) o, )
9 _ 9 — (rApp) =—mA
o (rAApy) OGA'Dr or ( p@) Pr
9 ) 0 0
Y np =L —Ap,=—Ap
OzApr OrAps 8z Pr= 5P
0 10 ; 9 .. m ..
52201~ 5P oz 0= B
D D o, )
gy (e ==gglp (F=1) o (rBp)=—mBpy (3=1)

@ Cylindrical symmetry = expansion in terms of cos mf or sin m0.
We write Aps = Apscosmf, Ap, = Ap,cosml, Apg = Apgysin mb,
where Aps, Ap,, and Apy are #-independent.

. 1 .
@ For m=0, Ap, = Apy = 0, otherwise they o —, singular at r = 0.
r
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Cylindrical Symmetric Vacuum Chamber

) ) o, . )
9 _ 9 — (rApp) =—mA
o (rAApy) OGA'Dr or ( p@) Pr
9 ) 0 0
Y np =L —Ap,=—Ap
OzApr OrAps 8z Pr= 5P
0 10 ; 9 .. m ..
az0P0= 7 g P 5z NPo= T AP
D D o, )
gy (e ==gglp (F=1) o (rBp)=—mBpy (3=1)

@ Cylindrical symmetry = expansion in terms of cos mf or sin m0.
We write Aps = Apscosmf, Ap, = Ap,cosml, Apg = Apgysin mb,
where Aps, Ap,, and Apy are #-independent.

. 1 .
@ For m=0, Ap, = Apy = 0, otherwise they o —, singular at r = 0.
r

o For m+#0, % {rgr(rA[),)} = m?Ap, = Ap.(r,0,2) ~ mr™* cos mh.
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Definition of Wake Functions

@ Formal solution can be written as

VAR = —qQumWin(z)mr™ = (? cos m — f'sin mé),
vAps = —qQmW., (z)r™ cos mf.

W,,(z) — transverse wake function of azimuthal m
@ Defn:

W,/ (z) — longitudinal wake function of azimuthal m
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Definition of Wake Functions

@ Formal solution can be written as
VAP = —qQmWm(z)mr™1(#cos md — O sin m),
vAps = —qQmW., (z)r™ cos mf.

W,,(z) — transverse wake function of azimuthal m
@ Defn:

W,/ (z) — longitudinal wake function of azimuthal m

They are function of z only and dependent on boundary conditions.
They are related because of P-W theorem.
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Definition of Wake Functions

@ Formal solution can be written as
VAR = —qQumWin(z)mr™ = (? cos m — f'sin mé),
vAps = —qQmW., (z)r™ cos mf.
W,,(z) — transverse wake function of azimuthal m
o Defn:
W,/ (z) — longitudinal wake function of azimuthal m

They are function of z only and dependent on boundary conditions.
They are related because of P-W theorem.

@ 9, = ea™ is mth multipole of source particle of charge e.
W,,(z) has dimension V/Coulomb/m?™~1.
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Definition of Wake Functions

@ Formal solution can be written as

VAR = —qQumWin(z)mr™ = (? cos m — f'sin mé),
{ vAps = —qQmW., (z)r™ cos mf.

_ W,,(z) — transverse wake function of azimuthal m
Defn: { W,/ (z) — longitudinal wake function of azimuthal m

They are function of z only and dependent on boundary conditions.
They are related because of P-W theorem.

@ 9, = ea™ is mth multipole of source particle of charge e.
W,,(z) has dimension V/Coulomb/m?™~1.

@ Recall that solution of £ and B reduces to solution of WW,,(z) only.
Simplification comes from P-W theorem or rigid-bunch and
impulse approximations.

@ negative sign in front is a convention to make W) (z) > 0,
since witness particle loses energy from impulse.
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Some Properties of Wake Functions

Wh(2) Win(2)

|

K.Y. Ng (Fermilab) Coupling Impedances in Accelerator Rings November, 2009 11 /112



Some Properties of Wake Functions

Wh(2) Win(2)

|

Fundamental Theorem of Beam Loading (P. Wilson)

A particle sees half of its wake, or 3 W}, (0_).
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Some Properties of Wake Functions

Wh(2) Win(2)

|

Fundamental Theorem of Beam Loading (P. Wilson)

A particle sees half of its wake, or 3 W}, (0_).
Proof:

A particle of charge g passes a thin lossless cavity, excites cavity.

Energy gained A&, = —fg? W/ (0_), i.e., sees fraction f of own wake.
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Some Properties of Wake Functions

Wh(2) Win(2)

|

Fundamental Theorem of Beam Loading (P. Wilson)

A particle sees half of its wake, or 3 W}, (0_).

Proof:
A particle of charge g passes a thin lossless cavity, excites cavity.

Energy gained A&, = —fg? W/ (0_), i.e., sees fraction f of own wake.

Half cycle later, a 2nd particle of same charge passes the cavity.

Energy gained A& = —fg? W/ (0_) + ¢*W.(0_).
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Some Properties of Wake Functions

Wh(2) Win(2)

|

Fundamental Theorem of Beam Loading (P. Wilson)

A particle sees half of its wake, or 3 W}, (0_).

Proof:
A particle of charge g passes a thin lossless cavity, excites cavity.

Energy gained A&, = —fg? W/ (0_), i.e., sees fraction f of own wake.
Half cycle later, a 2nd particle of same charge passes the cavity.
Energy gained A&, = —fg? W/ (0_) + ¢ W/, (0_).

Field inside cavity is completely cancelled.

A& + A& = —2fP W (0-) + P W,(0_) =0 = f = 1.
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Properties of Wake Functions

e W/ (z)=0forz>0. (causality)

e W) (0_)>0 (energy conservation)
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Properties of Wake Functions

e W/ (z)=0forz>0. (causality)
e W) (0_)>0 (energy conservation)
o |W;(z)] = W,(0-).
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Properties of Wake Functions

e W/ (z)=0forz>0. (causality)

e W) (0_)>0 (energy conservation)

o |W,(2)] < Wy, (0-).
1st particle of charge g loses energy %qz W’(0-).
2nd particle of charge g loses energy q>W'(0_) + ¢° W{(z).
Total loss g?W'(0_) + g W{(z) > 0. Or W(z) > —W;(0_).
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Properties of Wake Functions

e W/ (z)=0forz>0. (causality)

e W) (0_)>0 (energy conservation)

o |W,(2)] < Wy, (0-).
1st particle of charge g loses energy %qz W’(0-).
2nd particle of charge g loses energy q>W'(0_) + ¢° W{(z).
Total loss g?W'(0_) + g W{(z) > 0. Or W(z) > —W;(0_).
2nd particle of charge —q loses energy %q2 W'(0_) — g*W{(z2).
Total loss g W'(0_) — g’ W{(z) > 0. Or W(z) < W4(0-).
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Properties of Wake Functions

e W/ (z)=0forz>0. (causality)

e W) (0_)>0 (energy conservation)

o (W) ()] < Wi(0_).
1st particle of charge g loses energy %qz W’(0-).
2nd particle of charge g loses energy q>W'(0_) + ¢° W{(z).
Total loss g?W'(0_) + g W{(z) > 0. Or W(z) > —W;(0_).
2nd particle of charge —q loses energy %q2 W'(0_) — g*W{(z2).
Total loss g W'(0_) — g’ W{(z) > 0. Or W(z) < W4(0-).

e W/ (—D)= W,(0_) for some D > 0 = wake is of period D.
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Properties of Wake Functions

e W/ (z)=0forz>0. (causality)

e W) (0_)>0 (energy conservation)

o (W) ()] < Wi(0_).
1st particle of charge g loses energy %qz W’(0-).
2nd particle of charge g loses energy q>W'(0_) + ¢° W{(z).
Total loss g?W'(0_) + g W{(z) > 0. Or W(z) > —W;(0_).
2nd particle of charge —q loses energy %q2 W'(0_) — g*W{(z2).
Total loss g W'(0_) — g’ W{(z) > 0. Or W(z) < W4(0-).

e W/ (—D)= W,(0_) for some D > 0 = wake is of period D.
Energy loss: -0 Zz D e
1. Zq2W5(02). T R —q
2. 23WE(0-) + 1 Wi (—2).
3. LRWY(0-) — 1@ Wi(—z — D) — GWY(~D).
Since total must be > 0 and gy arbitrary, Wj(—z) > W{(—z — D).
Change 3 charges to (g1, —q2, g2) to get Wi(—z) < W{(—z — D).
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@ Area under W)/ (z) is non-negative.

o & = E A
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@ Area under W)/ (z) is non-negative.

Consider a dc beam current /.

For a particle of charge g in the beam, energy loss is q/ Wi (z) 1% > 0.
v
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Area under W/ (z) is non-negative.

Consider a dc beam current /.

d
For a particle of charge g in the beam, energy loss is q/ Wi (z) 1% > 0.
, v

For longitudinal, lowest azimuthal is m =0 or W{(z).
For transverse, lowest azimuthal is m =1 or W;(z).

Higher azimuthals can be important for large transverse beam size
compared with pipe radius.
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@ Area under W)/ (z) is non-negative.
Consider a dc beam current /.

d
For a particle of charge g in the beam, energy loss is q/ Wi (z) 1% > 0.
, v

@ For longitudinal, lowest azimuthal is m = 0 or Wj(z).
@ For transverse, lowest azimuthal is m =1 or W;(z).

@ Higher azimuthals can be important for large transverse beam size
compared with pipe radius.

Particles in same vertical slice see same

F}jg“j impulse. Can lead to longitudinal

micro-bunching or microwave instability.

3 i Particles in same vertical slice receive same
D\ v~ C < . . . .
*********** i === S5 Vertical impulse independent of vertical

v position. Can lead to beam breakup.
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Coupling Impedances

@ Beam particles form current. Component with freq. w is
I(s,t) = Te—iw(t=s/v),

@ A test particle crossing a narrow discontinuity at s; gains energy
from wake left by particles —z in front (z<0). Voltage gained is

o0 R ) d
V(Sl, t) = _/ [WO/(Z)]lIe—/w[(H—z/v)—sl/v]72
dz

v

= (s, 1) {zg‘ (w)]

1

i) [ W@

e dz . L
o Defn: Z(w / W4 (z *"“Z/" (summing over all continuities)
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Coupling Impedances

@ Beam particles form current. Component with freq. w is
I(s,t) = Te—iw(t=s/v),

@ A test particle crossing a narrow discontinuity at s; gains energy
from wake left by particles —z in front (z<0). Voltage gained is

- 5o d
V(si,t) = —/ [WO/(Z)]lIe_’“’[(H'Z/V)—Sl/V]j

— 0 v
o —iwz de
= —lat) [ (e = i) [2]()
— 1
e Defn: 7)(w / W4 (z *"”Z/Vd (summing over all continuities)

@ Unlike a current in a circuit, a beam has transverse dimension and
therefore higher multipoles.

@ When the beam is off-center by amount a, the current mth multipole is
Pm(s, t) =I(s,t)a™ = ﬁme_iw(t_s/‘/)_
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Higher Azimuthal Impedances

L , o o(r — .
@ At location /, test particle density is p = ¢ (ra 3)5(9)0(5 —si).

Subject to the mth multipole element P(s;, t+z/v)dz passes
location / —z earlier, voltage gained is

V(si,t) = — / gpm(s,-, H—z/v)[W,;,(z)],./rdrdG r'cos mgié(r—a)é(ﬁ)

a

_ rP —iw[(t+z/v) S/V][W,’n(z)],-a"’

0
:_%p( t) / %[W;(z)l,e*fwz/” [Qm = qa"]

— 00
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Higher Azimuthal Impedances

L , o o(r — .
@ At location /, test particle density is p = ¢ (ra 3)5(9)0(5 —si).

Subject to the mth multipole element P(s;, t+z/v)dz passes
location / —z earlier, voltage gained is

V(si,t) = — / gpm(s,-, H—z/v)[W,;,(z)],./rdrdG r'cos mgié(r—a)é(ﬁ)

a

_ rP —iw[(t+z/v) S/V][W,’n(z)],-a"’

0
:_%7»( t) / %[W;(z)l,e*fwz/” [Qm = qa"]

— 00

@ ldentify mth multipole longitudinal impedance across location / as

e, — q\7 _/ch / —iwz/v
Zhw)] = o5 =) Wa@le

o Summing up around the vacuum chamber: Z)(w) = > [Z”( )]

i

i
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Transverse Impedances
* dz

o General defn. for long. imp.: Z (w) = / —W! (z)e" WV

J—co V

o If we replace W/, by W,,, we obtain transverse impedances

Defn. Z:(w =3 / dz Jeiw/v [Wn(z) = 0 when z>0]

e Long. and transverse imp. are then related by 7! (w) = %Z,ﬁ(w),

so that both Re Z), and Re Z- represent energy loss or gain.

@ Transverse force, F| o« —W,,, must lag P,, by g in order for

Re Z;- to dissipate energy. Hence the factor /.

@ The factor 3 is to cancel 3 in Lorenz force, just a convention.
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Direct Computation of Impedances

@ Zi* can also be derived directly from the transverse force Fi-

without going through Zlu.
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Direct Computation of Impedances

@ Zi* can also be derived directly from the transverse force Fi-

without going through Zlu.

e When current /(s, t) = le~™(t=5/¥) is displaced by a transversely
from axis of symmetry, deflecting force acting on a test particle is

d.
(Fi(s,8)) = —q / W (z)aleellerz/)-s/1 &2

v
dz ifql(s,t)a
= —

v

= —qal(s,t / Wy(z)e @?/v—= Zi (w).

@ (---) implies averaged over all preceding particles.
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Direct Computation of Impedances
@ Zi* can also be derived directly from the transverse force Fi-

without going through Zlu.

When current /(s, t) = le~“(t=5/Y) is displaced by a transversely

from axis of symmetry, deflecting force acting on a test particle is

s/v] 92 dz
v

dz ifql(s,t)a
=—7]=

v

(Fi-(s,t)) = fq/ Wi (z)ale=lt+z/v)=
= —qal(s,t / Wy(z)e @?/v—= Zi (w).

@ (---) implies averaged over all preceding particles.

i

o For transverse: Zi"(w) = ———— (Fi").
qglag
. . 1 .
@ For longitudinal: Z(‘)‘(w) = 7—7<FJ>.
q
@ Other than from wake fcns, these are formulas employed to compute

imp. directly from the long. and trans. forces seen by test particle.
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Some Properties of Impedances

Q Zl(w) = %an(w) (P-W theorem).

K.Y. Ng (Fermilab) Coupling Impedances in Accelerator Rings November, 2009 18 / 112



Some Properties of Impedances

Q Zl(w) = %an(w) (P-W theorem).
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Some Properties of Impedances

Q Zl(w) = %an(w) (P-W theorem).

@ Zh(-w)=[Zh(w)]" and Zi(~w) = —[ZE(W)]"  [Wam(2) is real]

Q Z,U,(w) and Z:(w) are analytic, poles only in lower half w-plane.

Wi(z) = _E Zr#(w)eiwz/vdw Causality: W,,(z)=W/ (z)=0
21 J oo when z>0.
1 [ ) Singularities cannot occur
W (z) = — / Zll (w)e™?/V duw :
2T J_ o in upper w-plane.
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Some Properties of Impedances

Q Zl(w) = %an(w) (P-W theorem).

@ Zn(-w) = [Zh(w)]" and Z}(~w) = —[Z1(w)]"

[Win(z) is real]

(3] Z,l(w) and Z..(w) are analytic, poles only in lower half w-plane.

Z,#(w)e"“z/vdw

— 00

1 [ ;
W (z) = —/ Z (w)e“?/" dw

1 [~ ImZ)(w
fp/ RELEZICON
T

W —w

K.Y. Ng (Fermilab)

Coupling Impedances in Accelerator Rings

Causality: W,,(z)=W/ (z)=0
when z>0.
Singularities cannot occur

in upper w-plane.

1 Zh(!
ZerU](w) = _79/ dw/L(w)
™

! —
o w —w
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Some Properties of Impedances

Q Zl(w) = %an(w) (P-W theorem).
@ Zh(-w)=[Zh(w)]" and Zi(~w) = —[ZE(W)]"  [Wam(2) is real]

(3] Z,U,(w) and Z..(w) are analytic, poles only in lower half w-plane.

Wi(z) = _ip 71 (w)e/V duw Causality: W,,(z)=W/ (z)=0
21 J oo when z>0.
1 [ ) Singularities cannot occur
Wie) = o= | Zhee s
2T J_ o in upper w-plane.
1 [ Imzhw) 1 [  Rezl(w)

Q ReZ)(w) >0 and Re Z-(w) > 0 when w > 0, if beam pipe has

same entrance and exit cross section. (no accelerating forces)
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Some Properties of Impedances

Q Zl(w) = %an(w) (P-W theorem).
@ Zh(-w)=[Zh(w)]" and Zi(~w) = —[ZE(W)]"  [Wam(2) is real]

(3] Z,U,(w) and Z..(w) are analytic, poles only in lower half w-plane.

Wi(z) = _ip 71 (w)e/V duw Causality: W,,(z)=W/ (z)=0
21 J oo when z>0.
1 [ ) Singularities cannot occur
Wie) = o= | Zhee s
2T J_ o in upper w-plane.
1 [ Imzhw) 1 [  Rezl(w)

Q ReZ)(w) >0 and Re Z-(w) > 0 when w > 0, if beam pipe has
same entrance and exit cross section. (no accelerating forces)

Im Zh(w)

e/ dwImZ}:(w)=0 and / dw =0.
JOo JO
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General Comments

o W, (z)=0, W/ (z)=0 when z > 0 because of causality.

o It is awkward to deal with negative z. Some like to use z > 0 for
particle following. Then W,,(z)=0, W/ (z)=0 when z < 0.
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General Comments

o W, (z)=0, W/ (z)=0 when z > 0 because of causality.

o It is awkward to deal with negative z. Some like to use z > 0 for
particle following. Then W,,(z)=0, W/ (z)=0 when z < 0.

@ Then instead of

Z,LL(LU) :/ —w.:z/v W’ ( )dZ Wm(Z) _ _E ‘ Z’#(w)eiwz/vdw
L v 21 ) oo
we have
ZH (w) _ / IUJZ/V w’ ( )dZ W (Z) _ 7& .OOZJ_(w)efiwz/vdw
m ) v m 2 ) "
dW,, .
and W) (z) = — dz(Z)' «— note negative sign
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General Comments

Win(z)=0, W/ (z)=0 when z > 0 because of causality.

It is awkward to deal with negative z. Some like to use z > 0 for
particle following. Then W,,(z)=0, W/ (z)=0 when z < 0.

Then instead of

Z,U?(w) :/* e iwz/v W,/n(z)E W (2) = _E ‘ Z,#(w)eiwz/vdw
—00 v 2m ) _ o
we have
T d i3 [ .
Z,LL(Q}) :/ elwz/v Wr/n(z)—z Wm(Z) — 7L/ anq-(w)eflwz/vdw
J—o0 4 2m J_ o
dWm . .
and Wy (z) =~ (Z). < note negative sign

dz
All properties of the impedances remain unchanged, including no singularity
in upper half w-plane.
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General Comments

Win(z)=0, W/ (z)=0 when z > 0 because of causality.

It is awkward to deal with negative z. Some like to use z > 0 for
particle following. Then W,,(z)=0, W/ (z)=0 when z < 0.

Then instead of

Z,U,(w) :/* e iwz/v W,/n(z)E W (2) = _E ‘ Z,#(w)eiwz/vdw
—00 v 2m ) _ o
we have
L d i3 [ .
Z,LL(W) :/ e’wz/v W,;(z)j Wm(Z) _ 7/7/ anq_(w)eflwz/vdw
J oo v or ) .
dw,, o
and W, (z) = —ﬁ. < note negative sign

dz
All properties of the impedances remain unchanged, including no singularity
in upper half w-plane.

Some may like to use j instead of / to denote imaginary value.
Most of the time j = —i. Then Z,U7 and Z;: have no singularity
in lower half w-plane instead.
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Space-Charge Impedances

@ Sp-ch imp. come from EM fields b
of beam even when beam pipe “ A
is smooth and perfectly conducting. T ,,,,,,,,,,, B . .y
S s+ds

@ Want to compute E; due to variation

of linear density A\(s — vt).

Assume small variation of trans. dist.
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Space-Charge Impedances

Sp-ch imp. come from EM fields

of beam even when beam pipe A

a
is smooth and perfectly conducting. T ,,,,,,,,,,, 2

Want to compute E; due to variation

of linear density A\(s — vt).

Assume small variation of trans. dist.

Faraday law: j{E‘-ch: —%/é-dﬁ.

uniform dist. assumed

i
. - b ra
feai-ga- 2G| [0 1] fonsial
. 2meg Jo or Jo @

b a
. d d b
Geometric factor gy =2 [/ a7 +/ r;] =14+2In-=.
2 r 0 a a
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ego O\

4meg Os

@ Electric field or left side: 7{ E.dil = Esds +
@ Magnetic field or right side:

0 B auoe)\(s vt)v rdr dr »€Hogo OA
at/BdA_ ot o V / ]d_ i 05

€80 o\

@ Long. field seen by particles on-axis: E; = “dregr? 05’
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ego O\

4meg Os

@ Electric field or left side: 7{ E.di = E.ds +

@ Magnetic field or right side:

8/8 dA:78uoe)\(s vt)v /rdr /dr ds— euogoﬁi)\ds
ot ot 2w 0 At Os

. . . o\
@ Long. field seen by particles on-axis: E; = —i%—.
Amegy? Os
@ Consider a long. harmonic wave \(s;t) o e/("/R=) perturbing
a coasting beam of uniform linear density ).
. ineZ inZ
@ Voltage drop per turnis V = E27R = ne 02ch AL = 1NZ080 h.
2y 272
@ The wave constitutes a perturbing current of ;| = e)qv.
H :
iZo80 . b o 1
@ Im |s— = with gp=1+21In—. Zy =/ —=—=pocC
P- n lspch 29273 go=1+2in a 0 € €C Ho
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I
0 20 . 2080
n

sp ch 2ﬁry2

) Z(l)‘

sp ch

Il
@ For a freq.-independent reactive imp. =% , corr. wake is
sp ch
Z()CRgo
2v2

Il

Wi(z) = 6'(2) [ — iRcfp=2 =4(2)

:| reactive

K.Y. Ng (Fermilab) Coupling Impedances in Accelerator Rings November, 2009
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Z) Zogo ..
o 9| =i og(; is independent of freq., but rolls off when w > e
n sp ch zﬂﬁ/ b
° ZA‘ o« w, resembling a neg. inductive imp. rather than a cap. imp.
sp ch
Il
@ For a freq.-independent reactive imp. =% , corr. wake is
sp ch
ozl ZocReo
Wi(z) = 6'(2) [ - /Rc[)’:} rea(,tive: 8(2) 22
o Longitudinal reactive impedance results from a longitudinal reactive
2y Z) OA(s, t)
force Fl(s,t)= Y% =
0 (S’ ) 2w n reactive OS

@ This force modifies the bunch shape, called potential-well distortion.

Below/above transition, capacitive force lengthens/shortens the bunch.

@ Below/above transition, inductive/capacitive force can generate

micro-bunching and eventual microwave instabilities.
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Space-Charge Compensation at PSR g

@ Since Z(|)||sp ¢h IS just a negative inductance, an inductance can cancel
the space-charge force. As an example, ferrite rings are placed in Los
Alamos PSR to cancel space-charge force so as to shorten the bunch.
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Space-Charge Compensation at PSR g

@ Since Z(|)|]sp ¢h IS just a negative inductance, an inductance can cancel
the space-charge force. As an example, ferrite rings are placed in Los
Alamos PSR to cancel space-charge force so as to shorten the bunch.

160 1
—|Biasoff | A Bias off
140 14
---|Biason AL \ ---|Bias nM{‘ »
120 12 ;
: Pl - /
€ 100 /. Rt /
E 80 \ E‘ \
= 80 4 . = 4 %
: Gt I
= 40 g =4 7 3
B ol |7 5 18, 7 LY
5 W 5 LA Y [
O o Jtemact M ) - Mo
20 Expetiment, PW £ 50 n§ . Simulation,|PW 550 ng r
0 25 50 75 100 125 150 0 25 50 75 100 125 150
time (ns) time (ns)
90 _ 90 _ l
PO Bias off so1— Bias off
---IBiabon| I, ---1Biason | MM
70 ARIES 70 EIRS.
Zeo il Y Zeo T
i) T
250 & 250 ¥
> >
S a0 g 1'\' 8 40 f H“
30 / N £30 ﬁf;
=20 L =20
8ol A E I Ios I | 81
£ 10 - £ 10 J
[SH Mo O ol L1
Experiment, PW = 15Qns |+ [Simylatipn, AW =150|ns 1
-10 -10
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
time (ns) time (ns)
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When 900-A bias is on,
p' of ferrite rings is
reduced by 34%.

Bunches become longer
when bias is on.
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@ However, resistive part of the ferrite, if too high, can generate

microwave instabilities.

~ 500 us
into PSR
storage

with 3 ferrite
tuners.

K.Y. Ng (Fermilab)

P B e a1

Currentin Amps.

120 220 320 420 520 620
Time in ns
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@ However, resistive part of the ferrite, if too high, can generate

microwave instabilities.

~ 500 us
into PSR
storage

with 3 ferrite
tuners.

Currentin Amps.

) 120 220 320 420 520 620
Time in ns

Heating ferrite increases p’ and decreases .
Using 2 instead of 3 of ferrite tuners and
heating to 130° C alleviates the instabilities.

K.Y. Ng (Fermilab)

720
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Other Transverse Beam Distribution §
@ The former geometric factor gy was computed according to

uniform transverse distribution.
@ It is easy to compute gy for any transverse distributions.

@ We can also retain the form of gy for uniform distribution by

introducing an effective beam radius a.g such that go = 1+ 2In(b/acs).

K.Y. Ng (Fermilab) Coupling Impedances in Accelerator Rings November, 2009 25 /112



Other Transverse Beam Distribution §

@ The former geometric factor gy was computed according to

uniform transverse distribution.
@ It is easy to compute gy for any transverse distributions.

@ We can also retain the form of gy for uniform distribution by

introducing an effective beam radius a.g such that go = 1+ 2In(b/acs).

Phase space distribution o Aeff
1 b
Uniform 5 H( —r) 1+2In- P
w? ?
3 2\"? 8 b
Elliptical o7 (l - ?2) H(?—r) 3 2In2+21In 3 0.86927
1 2 3 b
Parabolic 5 (1 - ;) HF—r) S+2in 0.77887
2 b
Cosine-square T cos? 7LArH(? —r) 1.9212+2In— 0.63097
T2 —4 27 L
i i —r*/(207) -
Bi-Gaussian p— e Ye + 21In NG 1.7470,
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Transverse Impedance from Self-Field

@ A uniformly distributed Yy Y
beam is shifted by A in - +

x-direction. There is a + a

horizontal opposing force.

+
+
8
S

Hence the imp. a

@ Beam density —_—

p(r) = er H(a - r). Shift to the right by A — 0

ma?
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Transverse Impedance from Self-Field

@ A uniformly distributed Yy Y
beam is shifted by A in +
. . . r
x-direction. There is a + a +
horizontal opposing force. N N R
Hence the imp. a
Jr
@ Beam density —_—
p(r) = LAQ H(a - r). Shift to the right by A — 0
wa
@ Dipole density
op(7) eAA cosf
A =— A= 6(a—r).
o(r) = -2 =5 —1)
@ Dipole sees opposing electric force
27 2 2
AA cos@ cosf e“A\AZyc
Fe ec — do —d(a— — .
1 / / (a=r) 2megr 2ma?
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@ The shifted beam current / = e)\j3 also generates a dipole current

Al = eﬁ%A. and therefore a magnetic horizontal F»22.
X

o Fmas — —pFelect  Total is 1 — 52 = 1/42,
c 2\AZycR
Total self-force / Feerrds = %
0 vea
@ With beam current | = e\, trans. imp. is
: c
1 - I . Z()R
2 e = Bel A /0 Feeirds = a2
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The shifted beam current | = e\3 also generates a dipole current

Al = eﬁ?A, and therefore a magnetic horizontal F22.
X

Free = —gFdect. Total is 1 — 2 = 1/42,
-C 2
e“A\AZycR
Total self-force / Fserrds = 2720
Jo yea
With beam current / = e\j3, trans. imp. is
. .C
1 - I . Z()R
4 |self = BelA ./0 Fserpds = ’72/3232'
Particle beam generates static charges and image current on beam pipe.
So there is a similar trans. force but in opposite direction.

LHR (1 1
; : .ol .4
Total is sp-ch imp.: 77| | = IW <a2 — b2)'
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The shifted beam current | = e\3 also generates a dipole current

Al = eﬂ?A, and therefore a magnetic horizontal F22.
X

F)x(nag — ,[)»Fflcct_ Total is 1 — (32 _ 1/72,
© 2\AZocR
Total self-force / Foypds = S 2220

2.2
Jo y<a

With beam current / = e)\g3, trans. imp. is

. .C
L - I . Z()R
Zj |se]f ~ BelA /0 Fseirds = ’72[3232'

Particle beam generates static charges and image current on beam pipe.

So there is a similar trans. force but in opposite direction.

LR (1 1
: T .4
Total is sp-ch imp.: Z; ‘Spch =i <az — b2)'

The dependence on a~2 appears to resemble the incoherent self-field
tune shift Al/self.

Actually le|se1f and Avg.r are even proportional to each other.
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Coherent, Incoherent, and Impedance Forces

. . d%y 1} F(y,y
@ Vertical force on a beam particle I{ + % = %
/
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Coherent, Incoherent, and Impedance Forces

: . d? V2 Fly.v
@ Vertical force on a beam particl = A ?‘g - %
/
d’y 1 [OF OF
o For small offsets, —: J o
a2 T R? T ymv2 ((’)y ‘— - dy y_0y>

K.Y. Ng (Fermilab) Coupling Impedances in Accelerator Rings

November, 2009 28 / 112



Coherent, Incoherent, and Impedance Forces

: .y % Fy,7)
@ Vertical force on a bea article —= + =2y = 2227
rti r n m parti 52 + R2 v
d?y 13 1 [oF oF
o For small offsets, —= + Ly = — — .
ds? TR ymv2 \ dy |._ Y+ dy y:O}/
d’y | 15, 1 (oF oF
@ For center of mass, —= +——2jy= —| + == y.
52 2 ymvZ \ dy |- ay
=0 y:O
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Coherent, Incoherent, and Impedance Forces

: Ay %y, F(y.y)
@ Vertical force on a beam particle —= Ly = 2127
P ds? + R2 ymy?2
d?y 13 1 [oF oF
o For small offsets, —= Yy = — — .
ds? TR ymv2 \ Oy __y—l— dy y:O}/
d%y 13 1 [(oF oF
o For center of mass, —=2 +—2y= —| 4+ == y.
52 2 ymvZ \ dy |- ay
=0 y=0
OF
@ Thus Avy i, x '
dy =0
OF OF
AVycoh X ’ + ==
dy 7=0 dy y=0
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Coherent, Incoherent, and Impedance Forces

. . d%y 1} F(y,y
@ Vertical force on a beam particle L A oy = Flv.y)
ds?2  R? ymy?2
d?y 15, 1 (oF OF | _
@ For small offsets, @—k 5 :A/mv2 ay __y+d—)_/ y:Oy .
d’y v 1 (oF OF
@ For center of mass, —)2/+%': 250 Tt y.
s ymv2\ Oy |._, Oy =0
oF
@ Thus Avy i, x '
Ay |5-0
F F
AVycoh X a’ + 87_
Wly—o 971y
oF
o But ZlL X == ’
9 |,—o
@ .. Impedance Shift = Coherent Shift — Incoherent Shift.
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@ Avy.on: result of all forces acting on center of beam at .

@ Zi-: force generated by center motion of beam on individual particle.
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Avy con: result of all forces acting on center of beam at y.
Z;i-: force generated by center motion of beam on individual particle.
Example: a beam between two infinite horizontal conducting planes.

Horizontal translational invariance = horizontal image force acting
at center of beam vanishes independent of whether beam is oscillating
horizontally or vertically. ... Av, .o, = 0.
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AQh

Avy con: result of all forces acting on center of beam at y.

Z;i-: force generated by center motion of beam on individual particle.
@ Example: a beam between two infinite horizontal conducting planes.

@ Horizontal translational invariance = horizontal image force acting
at center of beam vanishes independent of whether beam is oscillating
horizontally or vertically. ... Av, .o, = 0.

@ Single bunch tune shift measurement at CERN SPS. [5]

025[ OOJ A% skopl: = -(1.002070 +/- 0.000019
020 F )
. H slope = 0.000000 +/- 0.000008 D00 g wermsesresens s seens o eens
015 - =
¥ coosk e
WOk [ 3
005 |- -0 B
. 015
. e appe————————————— ] i
oo - 91
oS T ~
oot s
v " o TRV 1 L
s | 1 i It
0 2 4 6 8 10 0 2 4 6 8 10
Bunch Intensity 1010 Bunch_Intensity 1010
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o Now let us come back to the self-field imp.

@ Beam center moves with beam, does not see self-force, .. Al = 0.

@ Thus Al/}i,mp ox —Apself

y incoh*
0 p1yx -27{2071/0}/% self
r Zl st — ! N AVy,xincoh'
]

where N is the number of beam particles, r is classical radius.
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Now let us come back to the self-field imp.

Beam center moves with beam, does not see self-force, . Avself = 0.

ycoh T
imp self
Thus Avy™P oc —AVSH o
Or 7 | _ 27TZOW/Oy XAyl
self NI‘() y x incoh

where N is the number of beam particles, ry is classical radius.

As for the EM field inside the vacuum chamber,
2ZO"? Ely x — €ly x
7232 h2 '
where &, /€1y . is Laslett coherent/incoherent electric image coeff.,

ZYX,

h is vertical half gap in vacuum chamber.

For circular beam pipe of radius b, h = b, &1y = % €1y x = 0.

then Z = —i is just vacuum chamber contribution to

0
7232 p2
the trans. sp-ch imp.
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Self-Field Impedance with Other Distributions §f§

@ Shifted dipole density is Ap(r) = 8g§/r) A= 7d/;(rr) cosf A.

@ Dipole electric force in the horizontal direction can be written
more generally as

27 0o 5 5
Felec = _A/ df)/ rdr {—e2 d[)(f)} cos” 0 _ e p(O)A.
0 Jo

dr | 2mwegr 2¢q
C ZoR 0 A
o Self-field imp. Z;" - i 20/32 W)E ). [uniform dist. p(0) = %
se Y
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Self-Field Impedance with Other Distributions §f§

@ Shifted dipole density is Ap(r) = 8g§/r) A= 7d/;(rr) cosf A.

@ Dipole electric force in the horizontal direction can be written
more generally as

27 0o 5 5
Felec = _A/ df)/ rdr {—e2 d/)(f)} cos” 0 _ e p(O)A.
0 Jo

dr 2mweQr 2¢€0
. . 4HR 0 A
o Self-field imp. Z;" - i 20/32 WP)E ) [uniform dist. p(0) = %
se Y ™

o If we write ZlL , same form as uniform distribution,

. 0
self - Iv2ﬁ2a§ff
A
mp(0)

A is linear density, p(0) is volume density at beam center.

equivalent beam radius is a.q =
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Phase space distribution Aeff
1
Uniform S H( —r) ?
w? 12
3 2 2
Elliptical o (1 - %) H( —r o7
Paraboll L (1= 2 e L
arabolic e\l m (P=r) il
2 5 T m2—4

Cosine-square

Bi-Gaussian

275 % (F—r)

1 e

2
210’
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Resistive Wall Impedance

o Consider a particle beam of current / in a cylindrical beam pipe of
radius b.

@ Want to compute resistive-wall impedance.
@ Proper method: solve Maxwell equation in 2 media: vacuum and metal.

@ We use here a simple model.

At freq. w, skin depth: 5. =/ 2 .
Ocfbew

Assume image current flows uniformly

in one skin depth only;
i.e., within b<r < b+ .

27R R
o ReZll = - .
Olaw — 27bé.o.  bd.o.
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Now the image current generates magnetic flux.
We have taken care of those inside the beam pipe as sp-ch imp.

Need to take care of mag. flux inside beam pipe wall.

. . . ol
Inside one skin depth of the pipe wall By, = 1 [M }

27wh
Factor % occurs because By decays linearly from r = b to b+ ..
Ré:1
Total flux & = By, 27RS, = 1 .
2b
Inductive imp. is 162 | same as PeZél
RW
. Ré weR 2 . R
i ZH _ He c_ _ c _ .
Mo RW v 2b : 2bd. | ocpew Ib(SCUC

We can now write

e R 11— isgn(w)], [2He R
LT [1—isgn(w)] Bio. [1—isgn(w)] 0. b’
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Comments

. I M R _27R
@ We can now write Z, T [1—isgn(w)] B~ RS
. . . 1—i
where surface impedance is defined as R = Lﬂ(w)
0c0c

long. length E.
° Z(l)‘ = Rw More accurate defn. R = —= )
RW Wldth L lsurface
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Comments

TR R 2R
@ We can now write Z, T [1—isgn(w)] o~ RS
. . . 1—i
where surface impedance is defined as R = Lﬂ(w)
0c0c
long. lengtl E.
° Z(‘)‘ = Rw More accurate defn. R = —= )
RW width L |surface

e One may wonder why Re Z)| ~ — 0 when w — 0.

RW

One may expect a dc beam still sees the resistivity of the pipe wall.

@ w = 0 implies no time dependency of B and E.
Then B and E are not related because there is no more Faraday's law.
B created by the dc current cannot generate E on surface or
inside wall of beam pipe.

@ Thus is no resistive loss at w = 0 and 72’)92,‘,‘7 — 0 for all m > 0.

RW
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Transverse Resistive Wall Impedance

o Compute image current distribution for an off-set beam.

y
P
b
z 0/r -1
: (a) (b)
@ Dipole image current density | monopole
IN [ 2A(bcos — A) IA
AL(0) = ——= —1| & ———= cos¥
)= 5 {bz T A2 2bAcosd } b2
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Transverse Resistive Wall Impedance

o Compute image current distribution for an off-set beam.
y

(a) (b)

@ Dipole image current density | monopole

IN [ 2A(bcos — A) IA

A z 0) = —— -1l = —— 0.

0) = =505 {b2+A2—2bAc059 } b2
@ Voltage generated by image current element for length L at 6 =0 is
1A 27b 2/A
v=s15Zl| =|-—w||Zl|] == 27l =EoL
0 RW |: ™ b2 W:l l: 0 rRW W b RW o
2IAZ)
where E,; = — B

o7 is E, on surface of beam pipe at § = 0.
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X

@ Because this is generated by a dipole beam, E,(x) = EZOE’

OE, iE5q
B, — — =0
Ox = By wb

@ B, clinging the dipole current loop, creating a horizontal opposing force.

Faraday law gives iwB, = —

. c
x_ ! E L 7w PR _ s RW
oZlfmA/o [E+VXB]XdS .
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Because this is generated by a dipole beam, E,(x) = Ezo%’
OE, iE,o

= B, =— .
Ox Y whb

B, clinging the dipole current loop, creating a horizontal opposing force.

Faraday law gives iwB, = —

) c 7l

i = = 2c 70| .
7 = —— E+VxB| ds=——%

1 ﬁIA /0 [ +vX ]x S b2 w
l
1 2¢ ZO RW .
Note that 7 = —— —% [not P-W relation!!!!]
b2wg n
Z)
Zi* and — Y are proportional for all frequencies.
n

But as we will see below, this is not true at low frequencies.
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Instabilities from Resistive-Wall Impedances

@ For a coasting beam, all betatron sidebands are independent modes.
Thus ZlH

excites all modes.
RW
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Instabilities from Resistive-Wall Impedances

@ For a coasting beam, all betatron sidebands are independent modes.
Thus ZlH

excites all modes.
RW

° ZlH shifts incoherent tune spread away from coherent tune lines and
spch

large chromaticities are often required for Landau damping.
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Instabilities from Resistive-Wall Impedances

@ For a coasting beam, all betatron sidebands are independent modes.
Thus ZlH

excites all modes.
RW

° ZlH shifts incoherent tune spread away from coherent tune lines and
spch
large chromaticities are often required for Landau damping.
Examples in o June 9 Antiprotons
Recycler [7, 8] w0 |
i -
Long p beam oo™
T = 3.5 MS 10° V!|
Ny = 28 x 100 !
— —6 10°
x,y95% = 3x 107 am ° ° *  Revolution Harmonic n ° ®
& =—2—0. SIOTTONTEIONER,

p beam unbunched

Ny, = 43.9 x 10%°
€x,y05% = 6 X 1076 mm
& =20 s

time
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@ All modes become stable in the presence of AV;P"“ when chromaticity

¢, = —2.53.

Coherent
excitation
average
AyPeh| =14.2x107* o
&, = —2.53 produces ] ‘ [
ony, = 8.59 x 104 00 -0.8 -0.6 -0.4 -02 0
Y .

av. incoh shift

2 rms spread from chromaticity

For higher p intensity, higher &, is required.

Eventually a transverse kicker was built instead.
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@ All modes become stable in the presence of AV;P"“ when chromaticity
£, = —2.53.

Coherent
excitation

average
AvsP Ch|av: 14.2x107* ms
&, = —2.53 produces I ‘ I
0.0

oAy, = 8.590 x 1074_ -1 -0.8 -0.6 -0.4 -0.2 0
av. incoh shift

2 rms spread from chromaticity

For higher p intensity, higher £, is required.

Eventually a transverse kicker was built instead.

@ Situation is different when beam is bunched. Driving impedance is

Z, = Z ZY (2 + pwo)h(2 + pwo)
p=—00

where h is bunch power spectrum and Q = wyo + Awy con.

@ Growth of many lower sidebands are cancelled by damping of upper

sidebands, net growth will be much milder than for unbunched beam.
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Transverse Coupled Bunch Instabilities

@ For the Tevatron in target mode, if there are M = 1113 equally spaced

bunches, there can be M modes of coupled motion.

@ Each mode is driven by the imp. Zym“:zZ{’(Q+wq)hm(wqfx/n),
q

with wy = (gM+p)wo + wg + Mws.

For each coupled mode 1,
not all betatron sidebands
contribute, but every Mth
sideband contribute.

Anti—damped

—1113.4w, —0.4w,

Re Zj gy

/

Re Zjlgy

T

1112.6wy

Damped

@ Thus upper sidebands can no longer cancel growth from lower

sidebands. Strongest drive is the sideband at negative freq. closest to
w=0,oratw=—(1—[y]ws)wo. Itacts like a narrow resonance.

K.Y. Ng (Fermilab) Coupling Impedances in Accelerator Rings

November, 2009 40 / 112



@ Change shape of bunch of power spectrum, like longer bunch,

does not help much, because driving force is at very low freq.

@ There are a few ways to minimize or avoid the instability:
@ Chromaticity will certainly help by

@ Widening tune spread to provide more Landau damping.
@ Shifting driving betatron sideband to freq. with smaller power spectrum.
© Tevatron: 7 =0.0028, 7, = bns, fy = 47.7 kHz.

& = +10 shifts power spectrum by x = wer, = 2wfpéT, /n = 5.4.
© Power spectrum reduces by > 4 folds, and so is instability growth rate.
© But driving sideband hits m = 1 when we, /7 = 1.7.

Or high azimuthal modes become unstable.

@ Octupole tune spread provide Landau damping.
@ Coat beam pipe with copper to reduce resistive-wall impedance.

@ Install wideband transverse kicker.
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Scaling Law

@ Apply to bunches that go from one accelerator ring to another,
like the Booster, Main Injector, and Tevatron.

@ Weiren Chou [9] shows that this transverse coupled bunch instability
growth rate is the same for all the rings, provided that
@ same rf bucket width with all bucket filled,
@ same beam pipe, meaning same radius b and wall conductivity o,
© same residual betatron tune.
Roughly, beam current the same for completely filled ring,
wox1/R, E xR, vz x VR = same growth rate

o Typical growth time is a few or few tens ms.
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Scaling Law

@ Apply to bunches that go from one accelerator ring to another,
like the Booster, Main Injector, and Tevatron.

@ Weiren Chou [9] shows that this transverse coupled bunch instability
growth rate is the same for all the rings, provided that

@ same rf bucket width with all bucket filled,
@ same beam pipe, meaning same radius b and wall conductivity o,
© same residual betatron tune.

Roughly, beam current the same for completely filled ring,
wox1/R, E xR, vz x VR = same growth rate
o Typical growth time is a few or few tens ms.

@ Problem: Booster bunches see laminated magnets,
resistive impedance must be much larger.

@ Transverse coupled bunch instability is very milder in Booster,
where there is no dedicated transverse damper.

@ Something must be wrong with the expressions for resistive-wall
impedance, especially at small frequencies.

K.Y. Ng (Fermilab) Coupling Impedances in Accelerator Rings November, 2009 42 /112



Problems with Z;*

. 2¢ 7)
o Recall that we derived 7} (w)= 2= 0

1
be—andeH—aSwHO.
w

NG

@ Skin depth . increases as w—1/2. When d. > t, wall thickness,

1 1
must replace . — t. Thus Zj- — = faster than —
w

7
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Problems with Zi

. 2¢ 7)
o Recall that we derived 7} (w)= 2= 0

1
fb2—andeH—aSwH0.
w

NG

@ Skin depth . increases as w—1/2. When d. > t, wall thickness,

1 1
must replace . — t. Thus Z;* — = faster than —.
w

Vw
o Both Z(‘)‘ (w) and Zi-(w) are analytic, because they are derived from

causal wake functions Wj(z) and W;(z).

@ We know that ZA‘ (w) is more well behaved,
but Z;*(w) is not.
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Problems with Zi

2¢ 7] 1
—C%0 and 7zt~ asw 0.
b w Vw

Skin depth 4. increases as w~1/2. When §. > t, wall thickness,

Recall that we derived Z;"(w)

1 1
must replace . — t. Thus Z;* — = faster than —.
w

Vw
Both Z(‘)‘ (w) and Zi-(w) are analytic, because they are derived from

causal wake functions Wj(z) and W;(z).

We know that ZA‘ (w) is more well behaved,
but Z;*(w) is not.

We also showed that there is no resistive loss

at w = 0. So we should expect Re Z;-(0) = 0.

Re Zi-(w) must bend back to zero.

— ReZi
L, H H . 1
Im Zi-(w) will approach a fixed value S
instead of infinity as w — 0.
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Zi- nearw =0

@ Best method is to solve Maxwell equation carefully,

will get Re Z- = 0 and Zm Z,; = constant as expected.

@ Here, we follow an easier intuitive approach by Vos (CERN). [10]
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Zi- nearw =0

@ Best method is to solve Maxwell equation carefully,

will get Re Z- = 0 and Zm Z,; = constant as expected.

@ Here, we follow an easier intuitive approach by Vos (CERN). [10]

Iim

@ Dipole surface current on pipe wall is AK,(0)= b2 C0s 0. (A=offset)
™
. : /2 2l A
o Total image current on each side: /Iy = AK,(0)bdl = b
J—7/2 m

@ Want to compute inductance seen by +/; loop.
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Zi- nearw =0

Best method is to solve Maxwell equation carefully,

will get Re Z- = 0 and Zm Z,; = constant as expected.

Here, we follow an easier intuitive approach by Vos (CERN). [10]

. . . IimA
Dipole surface current on pipe wall is AK,(0)= b2 C0s 0. (A=offset)
™
: : /2 2l A
Total image current on each side: Iy = AK,(0)bdo = b
J—7/2 ™
Want to compute inductance seen by +/, loop.
. . imA
Mag. field from £/, on x-axis: H,(x) = orp (b = —1)

b
. /40IimA Ho
Fl sd, = B,dx =2bB, = — =——\y.
ux is ¢, /_b , dx , s 5 la

Inductance seen by +/, loop is £ = %O.
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Zi- nearw =0

Best method is to solve Maxwell equation carefully,

will get Re Z- = 0 and Zm Z,; = constant as expected.

Here, we follow an easier intuitive approach by Vos (CERN). [10]

. . . /inl
Dipole surface current on pipe wall is AK,(0)= b2 C0s 0. (A=offset)
™
: : /2 2l A
Total image current on each side: Iy = AK,(0)bdo = b
J—7/2 ™
Want to compute inductance seen by +/, loop.
. . imA
Mag. field from £/, on x-axis: H,(x) = orp (b = —1)

b
. /40IimA Ho
Fl sd, = B,dx =2bB, = — =——\y.
ux is ¢, /_b , dx , s 5 la

Inductance seen by +/, loop is £ = %O.

But inductance seen by beam current / is different.

There is some sort of transformer effect as a result of the shift A.
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Transformer Ratio

@ Introduce mutual inductance M: —iwM(ly, — Ig) =

My 2A
t —_—_——=
° Ge L Iiln 7Tb’

This is a geometric relation.

o Force at beam: F, = e(E; — (¢cB,).
_ E_(Fx/e)mag _ By culs . Zo

Iy

—/w(ﬁ - ./\/l)ld7

Im = " = — = =1 .
P FETTN TN YN
capacitive T
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Transformer Ratio

@ Introduce mutual inductance M: —iwM(hy, — lg) = —iw(L — M)ly,

Iy

My 2A
t —_—_——=
° Ge L Iiln ﬂ-b’

This is a geometric relation.
o Force at beam: F, = e(E; — (¢cB,).
. E:(Fx/e)mag:_@ _ C/j,old _ ZO
L iBIA iIA  i4Abl  27b?’
capacitive T

Imp

@ This is the familiar imp. from magnetic image.

Z—IL**/ 1 % «—sp chim
L~ pF o P -

Electric image gives similar, total
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Transformer Ratio

@ Introduce mutual inductance M: —iwM(hy, — ly)
M g 2A
o Get ——=-<-""
Ge L Iim ﬂ-b’

This is a geometric relation.

o Force at beam: F, = e(E; — (¢cB,).
Imp.: E_(Fx/e)nlag__LB}/_ C,U'Old — ZO
P77 ="78IA WA iaAbl ' 2nb?

capacitive |

—/w(,C - ./\/l)/d,

Iy

@ This is the familiar imp. from magnetic image.
Electric image gives similar, total —ZlL LI «—sp ch im
= — . .
ge e ' L V3 2 P P

1. contributes to sp ch imp.
2. contributes to transformer ratio.
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Inclusion of Resistivity

7l
@ Recall Ol““;:b R is surface imp.

@ For a length L, voltage generated:

V(6) =2 ﬁﬂ {WAKZ(H)} = Rzl" cos 6.

. I
Vo Rl Zy|
2= o 0lewy .z,
L b L d
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Inclusion of Resistivity

ZOH ‘RV\" R
@ Recall T
@ For a length L, voltage generated:
RL  RL

V(Q)_Q[W} {WAKZ(Q):|— o cosf.

R is surface imp.

. I
Vo Rl Zy|

Y _Rd_ 5 POlewy oz
L~ b T d

=1z, (Note factor 1)

On pipe wall surface E, = 1

~| <

v OE,  vZly
iw Ox  2wb’

. Fy
Now compute impedance: — = E, — vB, =
e

Z{|
L~ iBlA  2wblA T whbIA L

w  Fx/e cZly  cm ly ZA||RW
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Inclusion of Resistivity

ZOH ‘RV\" R
@ Recall T
@ For a length L, voltage generated:
RL  RL

V(G)_Q[W} {WAKZ(Q):|— o cosf.

R is surface imp.

. I
Vo Rl Zy|

Y _Rd_ 5 POlewy oz
L~ b T d

On pipe wall surface £, = 1 = 12/, (Note factor 1)

~| <

v OE,  vZly
iw Ox  2wb’

. Fy
Now compute impedance: — = E, — vB, =
e

FeJe  cZly  cm ly ZA||RW

Z]’-I|RW — _ _ ¢ _MYVIRW
L " iBIA T 2wblA whIA L
What is left is to compute the ratio /5// in presence of resistivity.
2A I 2A
Although M_ 28 is unchanged, -2 has changed and # —~—.
L b / b
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—in(Iim — Id)

Iim
= [—iw([, — M) =+ Z] Iy.
obtain
Ld,% —iwl
fim T oab —iwl+ Z

Wall imp.
Inductive Ztu
bypass
L _ o

o T 4w

K.Y. Ng (Fermilab)
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Iim
—in(Iim — Id)

= [—iw([, — M) =+ Z] Iy.
obtain _ Wall inp.
Inductive %)
Iy 2A  —jwl bypass
—_— L _
i 7wh —iwl+ Z e
—iwl ZA"RW
: Al 20 Tor T L
o Finally the imp. =— 0 — 2 imp. in parallel
L wb* 1 N Z4 ’RW
27 L
. . . —iwl (M .
® Thus Z! is just 2 impedances in parallel: and er .
= =, T 9ac
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Iim
—in(/im — /d)
= [—iw([, - M) + Z] ld-

obtain Wall imp.
Inductive Zg

/ d 2 A —iw E bypass L
—_———— L _
b  wb —iwl+ Z o An

. I
—iwl Zo ’RW
ZHRW _ 2c op L
L sz —iwl + Z(NRW
2w L

o Finally the imp. — 2 imp. in parallel

L . . —iwl :
® Thus Z! is just 2 impedances in parallel: é and Oer .
m

o Large w, go thru and — — —  classical region
L L b2 wlL

P Z{| —icL  —iZ

d i = .

an L rb2 27h?
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Results of Maxwell Equations il

@ Tevatron: R =1 km, pipe radius b = 3 cm, wall thickness t = 1.5 mm.
s.s. wall o, = 1.35 x 10° (Q-m)~1.

@ Skin depth fills pipe wall at . = 83.4 Hz (kb = 5.24 x 107°).
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Results of Maxwell Equations il

@ Tevatron: R =1 km, pipe radius b = 3 cm, wall thickness t = 1.5 mm.

s.s. wall o, = 1.35 x 10° (Q-m)~1.

@ Skin depth fills pipe wall at . = 83.4 Hz (kb = 5.24 x 107°).

16401 E TP

1e+00

2" in Z,L/(2mb’)
§

1e-04

1e-01

1e-03

Bend-around between kb ~

00c¢

and kb ~

00t

Inductive

Resistive \

\
\
\
Wi\

AT AR RTTIT AR RTTIT W RTTIT S ERTTIT SR R
le-10 1e-09 1le-08 le-07 kile)fus 1e-05 1e-04 1e-03 1e-02

thin-wall model (t < d.)

=2.6x10"" (f ~ 0.4 kHz)

=2.6x107° (f ~ 4.2 kHz)
e v, =19.6 and (1-Q) line at 19.1 kHz (kb = 1.2).

. 2,
Z,.,inZL(2m’)

1e+00

1e-01

H
?

&
8

1e-03

16401 AP
E PM — Resigtive J
=~ Inductive ]|

E INF TSN E

£ ~ \\\ E
2 ]

E/NF 3
PM :

PC 3

le-04

T ETTI SR RTTI AR RTTIT ARG W R T R RTTTIT AERTITIT AERETTT ML
le-10 1e-09 1e-08 1e-07 klgfoﬁ 1e-05 1le-04 1e-03 le-02

thick-wall model
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Comments

o It appears that f,e,q depends on o, b, and t only, and not on
size and energy of ring.
foend ~ 0.4 to 4 kHz.

@ Unless ficnq ~ fo, low w region is of no importance at all.
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Comments

It appears that #,.,q depends on o, b, and t only, and not on

size and energy of ring.

foend ~ 0.4 to 4 kHz.

Unless fyena ~ fo, low w region is of no importance at all.

Tevatron: fy = 47.7 kHz >> fyenq.

LHC: f; = 11.3 kHz, may start to see effect of the bend-around region.
VLHC: f; = 1.3 kHz = (1 — Q) driving sideband will be

inside low-w region.
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Comments

It appears that #,.,q depends on o, b, and t only, and not on
size and energy of ring.
foend ~ 0.4 to 4 kHz.

Unless fyena ~ fo, low w region is of no importance at all.

Tevatron: fy = 47.7 kHz >> fiena.
LHC: f; = 11.3 kHz, may start to see effect of the bend-around region.
VLHC: f; = 1.3 kHz = (1 — Q) driving sideband will be

inside low-w region.
Will show later that low-w region is important to Booster.

First let us review some measurement of Z;- at low w by Mostacci et al.

Measurement was performed to understand low w effect to LHC.
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Direct Measurement of Z;-(w) [i¥J

@ Current | was passed into a N-turn loop L,, = 1.25 m long and
A =2.25 cm wide, inside a s.s. beam pipe of length L =50 cm and
radius b =5 cm, wall thickness t = 1.5 mm.
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Direct Measurement of Z;-(w) [i¥

@ Current | was passed into a N-turn loop L,, = 1.25 m long and
A =2.25 cm wide, inside a s.s. beam pipe of length L =50 cm and
radius b =5 cm, wall thickness t = 1.5 mm.

@ ly — B — V on loop thru imp. Z,,. of pipe.
o E Zpipe - ZI’C‘

L .
Then Z; = - TR where Z.. is same as Zipe
RW w N2A
but with a perfectly conducting pipe instead.
20 |
1e+02 |
Measied 0 E " 1
nducti " © A : ‘ll[l N“"m% Re Z,. il
— . N === TR T WalT Model ol e ]
E RN E K
£ e, E |
S letol 1 —~ -10
5 t Y £ i‘\«\’\
9 i L E F Im Z,,.
e P ™ ABERE g e i
g Al N A & L T
@ Iy | L -30 |
L Lo [
i e == =
: i At Ny c
= me N1 0 F _
‘ : ¥ E Engineering conventia
1e_olle+02 1e+03 1le+05 1e+06 le+02 1le+03 le+05 1e+06

1e+04 1e+04
Frequency (Hz) Frequency (Hz)
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Comments on Measurement

@ N = 10 was chosen as a compromise to improve signal and to keep
lowest self-resonance above 1 MHz.
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Comments on Measurement

@ N = 10 was chosen as a compromise to improve signal and to keep
lowest self-resonance above 1 MHz.

@ A dipole particle beam sees both magnetic and electric images in wall.
The two cancelled when v — co.

@ The dipole current loop sees only magnetic image but not electric.
This magnetic contribution must be subtracted,
leaving us with the Zi- we are after.
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Comments on Measurement

@ N = 10 was chosen as a compromise to improve signal and to keep
lowest self-resonance above 1 MHz.

@ A dipole particle beam sees both magnetic and electric images in wall.
The two cancelled when v — co.

@ The dipole current loop sees only magnetic image but not electric.
This magnetic contribution must be subtracted,
leaving us with the Zi- we are after.

e A perfectly (PC) conducting pipe will just produce this magnetic
contribution. So such a subtraction is necessary.

@ Actually a copper pipe was used as PC.
Occu = 5.88 x 107 (Qm)~!
Ocss = 1.35 x 10° (Qm)_l (UcCu/UcSS = 44)

@ Measured impedance for copper pipe:
Re Zi- almost zero because of small resistivity.

mL T 2/ 122 — 23 Q/m/m. (capacitive)
s
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13, 14]

@ The beam sometimes sees a laminated surface rather than a smooth
one, like Lambertson magnets and laminated combined-fcn magnets.

@ These surfaces can be approximated as

2 parallel laminated plates

or :

;;;;;;;

a laminated annular ring.

@ Want to compute the impedance seen by the beam.

crack lamination
Width or thickness h=0.000375" 7=0.025"
Relative mag. suseptibility pir=1 L2, =100
Relative dielectric €1, =4.75 exr=1
Conductivity 0a1=10x10"3 (2-m)~! 0,=05x107 (Q-m)~!
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Crack Impedance

z
\ .

@ Solve Maxwell eq. beam ‘ region 2 h/2
10 ( O 20k _ region 1 r
Tor <f 8r)+q E;=0
to get E, across crack ‘ b2
and then surface imp. R.. b

- = d
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Crack Impedance

z
\ .

@ Solve Maxwell eq. beam ‘ region 2 h/2
10 ( O 20k _ region 1 r
Tor <f 8r)+q E;=0
to get E, across crack ‘ b2
and then surface imp. R.. b

- = d

@ Solution for annular-ring model
R E.(b) _ —igc Jo(gb)No(qd) — No(gb)Jo(qd)

Z0 " ZoHo(b) o Si(qb)No(qd) — Na(qb)do(d) °

with ¢> = k? + g7, (=1,2, and ¢ — € (64,4— It )

iwie€o
; 2 2 2 2 2i
@ ¢ is trans. wave numbers, ki = w?uier, ki = w pger = 52
2c
. ) o 1—i
o Longitudinal decrement: g = (1+/)kfﬂ—2£. 2~ S
M1 h 52c
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Low-Frequency Behavior

o At low w > 0, use small-argument expansion to get
Rc . w52cb d
e 1— )22 In—

ZO _>( ’) Ch ,u2r n b

@ This can be shown to be imp. seen by £, going in and out of crack
penetrating Jyc into laminations.

@ The model is therefore good when lamination thickness 7 > 4§,

or when f > S 1.26 kHz.
7200212, T?

K.Y. Ng (Fermilab) Coupling Impedances in Accelerator Rings November, 2009 54 /112



Low-Frequency Behavior

At low w > 0, use small-argument expansion to get

R . w525b d

=< 1—7) =20, In—
ZO—’( ) ch“znb

This can be shown to be imp. seen by £, going in and out of crack

penetrating Jyc into laminations.

The model is therefore good when lamination thickness 7 > 4.,

or when f > S 1.26 kHz.
7200212, T?
1 . . wZo
For bend-around of Zj-, compare with bypass ind. Zy, . = arc
’ mC
200cptoy . d
or (1) Oy
T b
For b =1.25" and d = 6", get fyena ~ 250 MHz.
(~ 100 MHz in actual computation).
Small-argument expansion good for f < 5 MHz.
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High-Freqency Behavior

At high w, large-argument expansions of H((,l)’(z) and H( glve

&fitanq(dfb). f—————— 71—

Zy  epw L)

Parallel-Face -
L] ---- Annular

Like a cavity, but filled
with dissipative medium.

Resonances will be
damped, except maybe
the first one.

Crack Surface Imp (Ohms)

The crack also acts like a
capacitance in parallel i ]
with surface impedance. ]

~Imaginary

-3 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
0 100 200 300 400 500 600 700 800 900 1000

Frequency (MHz)

High w, ly, flows across crack as displacement current more easily.

But at low w, hy, has to flow thru surfaces of each crack; expect large imp.
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Application to Booster

@ Booster consists of 48 F and 48 D laminated magnets.
Vertical gap: 2b = 1.64"” (F) and 2b = 2.25” (D).
Magnet height: 2d = 12",

e Calculation and Measurement [15] of Z(|,| of 96 Booster magnets:
(ImZ > 0 implies inductive)

1000

Theory Crisp's Measurement
40 T T T s T
Re Z (Gluckstern)
Parallel-Face w© 2 Clen |
-~~~ Annular £z Crisp)
35 .
) T w
g ;
= 2 25
N
E'_ g /{\
g N
£ E
=) g 15 / R St S
5 EF
] E 10
S
R IV
-10 L L L L L L L S IS T s S
50 100 150 200 _ 250 300 350 400 sy 200 ps prs s
Frequency (MHz) Frequency (MH2)
@ Measurement was made by Crisp using a current in a wire.
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Z) of Booster Lamination Magnets

40 — N Parallel-Face
cimaginary Annular

@ See inductive bypass at low

freq g o *

. g - :

@ Re ZY bends around > 5 b
N i

~ 70 MHz s LN 1

o No w™*/2 behavior at low 5 N ]
freq. ool Y]
Broad-band from 70 MHz . .
to 200 MHz. T T e .

50 100 150 200 250 300 350 400
Frequency (MHz)

@ Relatively high bend-around freq. is result of high lamination imp.
@ Will not drive trans. coupled bunch instabilities.
@ Since |Z)| is large (~ 20 MQ/m), will drive head-tail instabilities.
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Beam Pipe Contribution

@ Lamination magnets cover ~ 60% of the Booster ring,
leaving ~ 40% with beam pipes.

@ These s.s. beam pipes will exhibit w=1/2 behavior near revolution
frequency, and will drive coupled-bunch instabilities.
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Beam Pipe Contribution

@ Lamination magnets cover ~ 60% of the Booster ring,
leaving ~ 40% with beam pipes.

@ These s.s. beam pipes will exhibit w=1/2 behavior near revolution
frequency, and will drive coupled-bunch instabilities.

@ 6-m long straight section joining 2 D-magnets: 2.25" s.s. pipe
1.2-m short straight section joining 2 F-magnets: 4.25" s.s. pipe
0.5-m straight joining D- and F-magnets: 2.25" s.s. pipe.

@ These pipes amount to 7| = (1 - i)@ MQ/m.

/n
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Beam Pipe Contribution

@ Lamination magnets cover ~ 60% of the Booster ring,
leaving ~ 40% with beam pipes.

@ These s.s. beam pipes will exhibit w=1/2 behavior near revolution
frequency, and will drive coupled-bunch instabilities.

@ 6-m long straight section joining 2 D-magnets: 2.25" s.s. pipe
1.2-m short straight section joining 2 F-magnets: 4.25" s.s. pipe
0.5-m straight joining D- and F-magnets: 2.25" s.s. pipe.

@ These pipes amount to 7| = (1 - /')()’—\/25O MQ/m.

e For v, = 6.7, they can drive the (1—Q) mode with growth rate 337 s*

(7 = 3.0 ms) at injection energy (400 MeV).
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Beam Pipe Contribution

@ Lamination magnets cover ~ 60% of the Booster ring,
leaving ~ 40% with beam pipes.

@ These s.s. beam pipes will exhibit w=1/2 behavior near revolution
frequency, and will drive coupled-bunch instabilities.

@ 6-m long straight section joining 2 D-magnets: 2.25" s.s. pipe
1.2-m short straight section joining 2 F-magnets: 4.25" s.s. pipe
0.5-m straight joining D- and F-magnets: 2.25" s.s. pipe.

@ These pipes amount to 7| = (1 - /')()’—\/25O MQ/m.

e For v, = 6.7, they can drive the (1—Q) mode with growth rate 337 s*
(7 = 3.0 ms) at injection energy (400 MeV).

o Chromaticity is ineffective in shifting power spectrum because of large
n = —0.458.

e However, during the ramp, growth rate decreases (with E~1)
|n| becomes smaller, making chromaticity more effective.

@ Thus transverse coupled-bunch instabilities can only be appreciable near
injection.
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Lambertson Magnets in Tevatron

10

- 14 S

3 CO Lambertson Magnets

‘ -
f— e 20 — e 0 100 200 300 400 500 600 700 800 900 1000
Frequency (MHz)

@ During 2003 shutdown, 3 CO Lambertsons for fixed target beam
extractions were removed.

@ These magnets served as dipoles with beam passing thru
the narrow 1" gap.

@ They will not drive transverse coupled-bunch instabilities, but head-tail
instabilities.
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T

Lambertson Magnets FO in Tevatron .

@ There are 4 FO Lambertsons in Tevatron.

@ Unlike the CO’s, beam is in field-free region during
storage (vertical gap~ 2.5").

Can compute Zy by approx. as annular magnet.

Result is an order of mag. less than the COQ's.
Z) had been measured by Crisp and Fellenz. [16]

Attenuation S;; was measured along b/t combm e
1% ——- -Imaginary
2 parallel wires driven differentially.

@ The wires, A = 1.0 cm apart, form a TEM
balanced transmission line, matched to
100 €2 with resistive L-pads and driven with
a 100 Q broadband 180° hybrid splitter.

@ Imp. computed from 7 = 7%2chn So1
w

Transverse Dipole Imp (MQ/m)

L L L L
600 700 800 900 1000

205 500
Frequency (MHz)

L L L
0 100 200 300

@ Agreement of Zm Z} are good, but much smaller for the plateau region.
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Betatron Tune Shift in Booster

@ Betatron tune shifts were measured in Booster by X. Huang in 2008,

at 2, 4, 6, 8, 20-turn injection. [17]
@ A pinger was turned on every 0.5 ms with 2-us width for whole cycle.

@ Each segment of data, ~ 0.5 ms long (225 to 200 turns), are analyzed

for coherent motion.
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Betatron Tune Shift in Booster

@ Betatron tune shifts were measured in Booster by X. Huang in 2008,

at 2, 4, 6, 8, 20-turn injection. [17]

for coherent motion.

Betatron oscillation modes were
solved using ICA, and v, was
computed from FFT.

ICA routine increases accuracy of

measurement because all BPM data
are used.

Only data up to transition are used,
because of lack of H-V coupling
while pinger kicks horizontally.

K.Y. Ng (Fermilab)

Vertical Residue Tune

Coupling Impedances in Accelerator Rings

.
0 2

A pinger was turned on every 0.5 ms with 2-us width for whole cycle.

Each segment of data, ~ 0.5 ms long (225 to 200 turns), are analyzed

LIS O O R R O |

From top trace down:
2-, 4~, 6-, 8-, 10-turn injection

TEy T
"

TTTTTTTTTTTA
.

I N Y A
4 6
Turn Number (1000's)

10

November, 2009 61 /112



What Should be Included in Zm Zy'?

ZNpR
e Assuming Gaussian distribution, Av, | ° b

dyn 871-3/23 E Vyor

[ Srzw)e

_ Lo 2T

eff & dw — w202
— e T
J_oo 27

ImZz/| .
eff

o Effective imp.: Zm zy
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What Should be Included in Zm Zy'?

ZNpR
e Assuming Gaussian distribution, Av, | ° b

dyn 871-3/23 E Vyor

[ Srzw)e

ImZz/| .
eff

Lo 2T

o Effective imp.: Zm zy

eff B /OO %efwzaf_
J_oo 27
@ To compare with experiment, we must compute
AVY |Coh - AVY ‘dyn + AV}’ |incoh
@ What should be included in Zm2zy| 7
eff

K.Y. Ng (Fermilab) Coupling Impedances in Accelerator Rings November, 2009 62 / 112



What Should be Included in Zm Zy'?

62 Nb R
dyn 873/28Eyvy 0,

-
| Fawe

e Assuming Gaussian distribution, Av, | mZ/

2T

/ dw R
27T

To compare with experiment, we must compute
Avy| g, = Ayy‘dyn + Ay, |

Effective imp.: Zm z}

coh incoh

What should be included in Zm zy

?
off

ESC V (1\/
Consider ITmZy| = d2ﬁ2 2w

Self-field part is cancelled by addlng Auy|?elf

incoh”

ey-part is cancelled by adding the incoherent part.

So only &/-part should be included.
This is the coherent wall image contribution.
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The Coherent Wall Image Contribution

LA

the electric and magnetic contributions.

@ Coherent wall-image consists of

@ Beam pipe will contribute Zm Z ~ 24 MQ/m.
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The Coherent Wall Image Contribution

§ _4  p4

Ry R R
the electric and magnetic contributions.

@ Coherent wall-image consists of

Beam pipe will contribute Zm Z} ~ 24 MQ/m.

Lamination surface is not perfect conductor, electric image may form
at back of Iaminations hi ~ 8" > higap.

& 252
‘ +

R R
o =&, - — +,d2 because of image in magnetic surface.

Zp&y L;
We have then 7| = 0% > 2
T - i

mag
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The Coherent Wall Image Contribution

51 51 0)2 51
2 h2 h2

the electric and magnetic contrlbut|ons

Beam pipe will contribute Zm Z} ~ 24 MQ/m.

Coherent wall-image consists of

Lamination surface is not perfect conductor, electric image may form
at back of Iaminations hi ~ 8" > higap.

Vv
We write hii, /32 52
& -8, -5 +ﬁ2 because of image in magnetic surface.
2085 L;
v i
We have then 7, |nmg - Z 2

This still has problems, since laminated surface is not perfect magnetic
surface. Cracks and laminations become more apparent at high freq.

More appropriate representation is what we have computed of Z;" for
laminated surface. When w — 0, beam sees bypass inductance.
Higher frequency, beam sees laminations.
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Compare with Measurement JifJ

@ Other contributions including BPM's, bellows,steps, etc. are small.

E.g., they contribute to only ~ 0.4 MQ/m in Tevatron up to 200 MHz.
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Compare with Measurement JifJ

@ Other contributions including BPM's, bellows,steps, etc. are small.

E.g., they contribute to only ~ 0.4 MQ/m in Tevatron up to 200 MHz.

@ Im Z) is computed from tune-shift measurement and compared with

calculated dipole imp.

-4 turn
208 -e-11 turn||

—— Theory
5—=& Measurement

- -
o )]

bunch length (ns)

[¢)]

Effective -Im 2,” (MQ/m)

0 ‘ . .
3 4 5 6 7 8 9 0 0 10 . 20 30
Turn Number (1000's) time (ms)

B \H\‘HH‘H\\‘\H\‘HH‘H\\

N
S
° T T[T T T[T T[T T[T 11T

A T I I N O SN I A

2

-

@ Data point near 3000 turns involves error and should be excluded.
@ Agreement is satisfactory, although not perfect.
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Strip-Line BPM gl
@ Tevatron is equipped with strip-line BPM's terminated at both ends.

@ Strip line and extruded beam pipe forms a transmission line of Z; = 50 Q.

@ 2 terminations are also of Z,.

@ We will see, for a short pulse (< ¢),

» front termination registers a positive pulse
followed by by a negative pulse

> rear termination registers nothing

J—Tf t=20/c

- Y
o Then z) and — N
Z;- are derived. 2 beam N7 - 7 x

-

T Zs:L/C ( ~—_
N N

Coupling Impedances in Accelerator Rings November, 2009 65 / 112
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B is particle velocity
3 is transmission line

-1 _. N
yir I
) —] > i ——]
«7%[ l[
,%] 2 + —%I
— —
o Zs Qbo / ﬁ
uio) =5 (52) [0 (=552
Zs (o Lty _t velocity
=5 (32) [ (=7e) - ()]

K.Y. Ng (Fermilab)
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Strip-Line Longitudinal Impedances
$o

. Z. o
@ For a beam current /(t) = lhe ', V,(w) = > (2> I (1 - e’2“"/“jc>.
™
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Strip-Line Longitudinal Impedances
Po

. Z. oo
@ For a beam current I(t) = he ™, V,(w) = > <2> lo (1 - e’2“"/“jc>.
™

@ Voltage seen by beam is Vj(w) = (iﬁ) Vi (w),

since only a fraction of beam sees the gap.
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Strip-Line Longitudinal Impedances

e For a beam current I(t) = e~ ¢, V,(v) = = (d)o> lo (1 - e"2“"/“‘3c>.
T

@ Voltage seen by beam is Vj(w) = (iﬁ) Vi (w),

since only a fraction of beam sees the gap.

: % 5o \ 2 ¢ Y ¢
e Long. imp.: Z(‘)‘ o # = Z <;70r> (sin2 gc — isin ‘;—C cos gc> .
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Strip-Line Longitudinal Impedances

. ZS P I
For a beam current /(t) = lpe=™t, V,(w) = o (;’/)O> lo (1 — e’2“"/“jc>.
™

Voltage seen by beam is V,(w) = <¢70r> V,(w),

since only a fraction of beam sees the gap.

Vi(w) o\ (. owl . wl  wl
_ 7 = ZS R - R I )
L A on) O™ Be " Be e

. (f)o 2 wl
— =1L | — | .
BPM 2w ;‘[))C

alternates between capacitive and inductive.

Long. imp.:

Low freq.: purely inductive Ztl,‘

mBc I
After w > W, ZO ’BPM

There is no resonance at all, which is the merit of this BPM.
However, this BPM is not so linear as the diagonal-cut one.

Vulw) P

Power dissipated is P(w) = 27,
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Strip-Line Transverse Impedance

@ When beam Iy is offset by A horizontally,
IoA cos 0

surface current density on beam pipe is J(0;x;) = — =
s
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Strip-Line Transverse Impedance

@ When beam Iy is offset by A horizontally,

. .. A 0
surface current density on beam pipe is J(0; x) = f%.
o
%0/2 |y A cos 0 2hA
o Total t on right/left: /,, = 2 bd = F 2 sin =2
otal current on right/left: /., q:~/00/2 2 F_,sin
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Strip-Line Transverse Impedance

@ When beam Iy is offset by A horizontally,

i P IoA cos 0
surface current density on beam pipe is J(0; x0) = 7%_
s
@ Total current on right/left: /., = /(50/2 hA cos@bde_ 2hA <in 20
g . R/L*:F » /2 7Tb2 ﬂ-b >

o Voltage at right/left gap: V;,, = j:Zs% sin o (1 — e"2wf/ﬁ6)_
) 2
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Strip-Line Transverse Impedance

@ When beam Iy is offset by A horizontally,

. .. A 0
surface current density on beam pipe is J(0; x) = f%.
o
: #0/2 [, A cos 0 2bA . ¢
o Total current on right/left: /., =7 ——5 —bdf=F——sin —.
J—goy2 b b 2

o Voltage at right/left gap: V., = +Z, %si %o ( _ ei2w€/ﬁC)_

. 1 Ib|A\? ¢
@ Power dissipated: P:i(\VLF—HVRF):les (' O|b> sin? 20 gin2 “L.
o T

K.Y. Ng (Fermilab) Coupling Impedances in Accelerator Rings November, 2009 68 / 112



Strip-Line Transverse Impedance

@ When beam Iy is offset by A horizontally,

. .. A 0
surface current density on beam pipe is J(0; x) = f%.
o
: #0/2 [, A cos 0 2bA . ¢
o Total current on right/left: /., =7 ——5 —bdf=F——sin —.
J—goy2 b b 2

o Voltage at right/left gap: V., = +Z, %si %o ( _ ei2w€/ﬁC)_

@ Power dissipated: P:L(WLF—HVRF):Ms [lolA zsinQ@sin _—
27, b

. . 1
@ This power loss is also P = 5(|IO|A)2723921”

BPM
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Strip-Line Transverse Impedance

@ When beam Iy is offset by A horizontally,

. .. A 0
surface current density on beam pipe is J(0; x) = f%.
o
: #0/2 |y A cos 2bA . ¢
o Total current on right/left: /., =7 ——5 —bdf=F——sin —.
J—goy2 b b 2
. A .
o Voltage at right/left gap: Vi, = +Z; O—bsi % ( - e’2‘”z/ﬁc).

Power dissipated: P = i(\VLF—HVRF) =47, [lolA 2sin2 90 gin2 94
27, b

. . 1
This power loss is also P = 5(|IO|A)27?f:Zl”

BPM

82 c ., ¢0 a2
= in® —sin® —
BPM 7r2b2w ﬂC

Panofsky-Wenzel — Re Z;
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Strip-Line Transverse Impedance

@ When beam Iy is offset by A horizontally,

. .. A 0
surface current density on beam pipe is J(0; x) = f%.
o
: #0/2 |y A cos 2bA . ¢
o Total current on right/left: /., =7 ——5 —bdf=F——sin —-
J—goy2 b b 2
. A .
o Voltage at right/left gap: Vi, = +Z; O—bsi % ( - e’2‘”z/ﬁc).
. 1 | A\? . 5 b0 . 5wl
D P = (|VL?+|Vr|?) = 4Z 2 Zsin? —.
@ Power dissipated ZZS(‘ |°+|Vr|?) s ( 7rb> sin - sin 5e

. . 1
This power loss is also P = 5(|IO|A)27?f:Zl”

BPM

8Z ¢ 2¢0 , wl

o Panofsky-Wenzel — Re Z'| = —sin® —sin® —.
y ! BPM m2h2 w ﬂC
) Il
. Cc 4 Oo 0
e Hilbert transform — 7/ = — ( — | sin® — —2%.
BPM b gf)o 2 w
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@ Some may have doubt about derivation via Zl|| because
1. cylindrical symmetry is broken by strip-lines

2. P-W relation requires cylindrical symmetry.
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@ Some may have doubt about derivation via ZlH because
1. cylindrical symmetry is broken by strip-lines

2. P-W relation requires cylindrical symmetry.

@ The dipole current loop lhA links mag. flux and Iy sees an imp. Z.

Faraday Law: iwB, LA = Z,. (L =length of loop)
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@ Some may have doubt about derivation via ZlH because
1. cylindrical symmetry is broken by strip-lines

2. P-W relation requires cylindrical symmetry.

@ The dipole current loop lhA links mag. flux and Iy sees an imp. Z.

Faraday Law: iwB, LA = Zl,. (L =length of loop)
. . LvB cZ
@ Trans. imp. is Z{ = 7 ;3 = —
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Some may have doubt about derivation via ZlH because
1. cylindrical symmetry is broken by strip-lines

2. P-W relation requires cylindrical symmetry.

The dipole current loop hhA links mag. flux and Iy sees an imp. Z.

Faraday Law: iwB, LA = Z,. (L =length of loop)

LvB, cZ

Trans. imp. is 7' = TG~ OAZ
Ho AL w

Z can be evaluated from

1 A “ 14
:§\I0|2 =47 <0|b) S|n2@705in2;—c.

8Zs ¢ 0 wl
= “sin? o sin® — «— same result as before

H
Get ’RBZl BPM m2bh2 w 2 ﬁC
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Some may have doubt about derivation via ZlH because
1. cylindrical symmetry is broken by strip-lines

2. P-W relation requires cylindrical symmetry.

The dipole current loop hhA links mag. flux and Iy sees an imp. Z.

Faraday Law: iwB, LA = Z,. (L =length of loop)
. . LvB cZ
Trans. imp. is Z{' = iloAé =

Z can be evaluated from
1 A 14
:5‘/0|2 =47 (0| )sn2oosn2cu

b 2 ‘JC
8Zs ¢ wl
Get ReZ'| = —2—sin’ o sin? — <« same result as before
BPM 7T2b2 2 /BC
For vertical impedance, offset current in y-direction.

There is not net dipole image current on horizontal strip-lines.

No dissipation, therefore 7 = 0.
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@ There are M = 216 sets of BPM's in the Tevatron.
Radius b =3.5cm, £ =18 cm, and ¢ = 110°, Z; = 50 Q.
Z)
Total imp. at f < 180 Hz, — 2 — —j0.36 Q, Z;/"

BPM

— —i0.43 MQ/m

K.Y. Ng (Fermilab)

o
Coupling Impedances in Accelerator Rings

=

R



@ There are M = 216 sets of BPM's in the Tevatron.
Radius b =3.5cm, £ =18 cm, and ¢ = 110°, Z; = 50 Q.

Z)
Total imp. at f < 180 Hz, — & = ~70.36 ©, ZPYl = —i0.43 MQ/m.
BPM

@ One terminal monitors p beam and the other monitor p beam.

@ In MI, there is only one beam, so there is only the upstream terminal
but not the downstream one.
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There are M = 216 sets of BPM’s in the Tevatron.

Radius b= 3.5 cm, ¢ = 18 cm, and ¢, = 110°, Z; = 50 Q.
Z)
Total imp. at f < 180 Hz, % = -i036Q, Z//Y|  =—i0.43 MQ/m.

BPM
@ One terminal monitors p beam and the other monitor p beam.

@ In MI, there is only one beam, so there is only the upstream terminal
but not the downstream one.

Fraction covered by each strip-line is
fj =0.055 using POISSON. [20]

With M =208 sets of BPMs,

2wl . 2wl
. —2MfH ( osﬁ—/a ﬂc)

®o
fg.

Z)

Note: f; takes the place o
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There are M = 216 sets of BPM’s in the Tevatron.
Radius b =3.5cm, £ =18 cm, and ¢ = 110°, Z; = 50 Q.

Z)
Total imp. at f < 180 Hz, % = -i036Q, Z//Y|  =—i0.43 MQ/m.
BPM

@ One terminal monitors p beam and the other monitor p beam.

@ In MI, there is only one beam, so there is only the upstream terminal
but not the downstream one.

Fraction covered by each strip-line is
fj =0.055 using POISSON. [20]

With M =208 sets of BPMs,

I B 2w/l . 2wl
Z . 2MfH ( osﬁ—/a ﬂc
. %o
Note: f|| takes the place of ——.
2w
AMF2Z,
Low freq. (< 190 MHz), 7, = —iTg =0.030 Q (¢=125cm)
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@ To derive Z{, first determine image current /, flows in a stripline for a
dipole current at beam pipe center.

@ i.e., determine the transfer function f, where I, = f, lhA.
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Z" for MI

BPM

@ To derive Z{, first determine image current /, flows in a stripline for a
dipole current at beam pipe center.

@ i.e., determine the transfer function f, where I, = f, lhA.

@ Voltage drop in strip line: Vi = Z.I, = Zf hA.
4|V |2

@ Power lost in 4 strip-lines: P =
W i ip-li 27,

i
= Z, (FloA)2sin? =,
(floA)sin Ge
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Z" for MI

BPM

@ To derive Z', first determine image current /, flows in a stripline for a
dipole current at beam pipe center.

@ i.e., determine the transfer function f, where I, = f, lhA.

@ Voltage drop in strip line: Vi = Z.I, = Zf hA.

4|y |?
27.

¢
= Z, (floA)sin? 2=

@ Power lost in 4 strip-lines: P = G
Bc

. . 1
@ This power loss is also P = §(|IO|A)272eZl|| .
BP,

M
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Z" for MI

BPM

@ To derive Z', first determine image current /, flows in a stripline for a
dipole current at beam pipe center.

@ i.e., determine the transfer function f, where I, = f, lhA.

Voltage drop in strip line: Vi = ZI, = Zf hA.
4|y |?

_ 2 o wl
2z, Zs (flgA)sin

Bc’

Power lost in 4 strip-lines: P =

. . 1
This power loss is also P = §(|IO|A)272eZl|| :
BP

M

2Z;cf? w
Panofsky-Wenzel — Re Z}'| = s sin2 /E.
BPM w ‘:‘O)C
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Z" for MI

BPM

@ To derive Z', first determine image current /, flows in a stripline for a
dipole current at beam pipe center.

@ i.e., determine the transfer function f, where I, = f, lhA.

@ Voltage drop in strip line: Vi = Z.I, = Zf hA.
. - 4|V |2 14
@ Power lost in 4 strip-lines: P = |2215‘ = Z, (FoA)?sin? g—c

. . 1
This power loss is also P = §(|IO|A)272eZI||

BPM

2Z,cf? wl
e Panofsky-Wenzel — Re Z{'| = s in2 &
BPM w “D)C
. 2Z,cf? 2wl 2wl
o Hilbert transform — Z; = 25 (1 cos? w — isin? “u .
BPM w B¢ Bc
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Z" for MI

BPM

@ To derive Z', first determine image current /, flows in a stripline for a
dipole current at beam pipe center.

@ i.e., determine the transfer function f, where I, = f, lhA.

@ Voltage drop in strip line: Vi = Z.I, = Zf hA.

4|y |?
27.

¢
= Z, (floA)sin? 2=

@ Power lost in 4 strip-lines: P = G
Bc

. . 1
@ This power loss is also P = §(|IO|A)272eZl||

BPM

2Z,cf? wl
e Panofsky-Wenzel — Re Z{'| = s in2 &
BPM w ‘:‘O)C
. 2Z,cf? 2wl 2wl
o Hilbert transform — Z; = 25 (1 cos? w — isin? w .
BPM w B¢ Bc

o f. and f, can be computed via POISSON or directly measured.
o For all BPM's at low freq., Zj/| =-i2.66 kQ/m, Z/| =-i5.15kQ/m.

BPM BPM
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Impedances of Cavities

o Cavity-like structures are high-@ discontinuities in the vacuum chamber.
@ The simplest characterization is by 3 variables:

resonant freq. k, = % shunt impedance R and quality factor Q.
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Impedances of Cavities

o Cavity-like structures are high-@ discontinuities in the vacuum chamber.
@ The simplest characterization is by 3 variables:

resonant freq. k, = &, shunt impedance R and quality factor Q.
C

@ Near resonant freq. a cavity is best modeled by a RLC-circuit.

(m) (m)
7l — Rs 7L _ Rs™ [k .
T 140Q (ke /k — k/k.)’ ™ 14iQ (k. /k — k/k,)

o The above gives 7] — k* as k = w/c — oo.
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Impedances of Cavities

Cavity-like structures are high-Q discontinuities in the vacuum chamber.
The simplest characterization is by 3 variables:

resonant freq. k, = w—', shunt impedance R and quality factor Q.
C

Near resonant freq. a cavity is best modeled by a RLC-circuit.

(m) (m)
7l — Rs 7L _ Rs™ [k .
T 140Q (ke /k — k/k.)’ ™ 14iQ (k. /k — k/k,)

The above gives Z| — k= as k = w/c — oo.
But the correct behavior given by optical diffraction model is [21]
7)) — k=*/2 for non-periodic cavities

7)) — k=3/2 for an infinite array of cavities.
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Impedances of Cavities

Cavity-like structures are high-Q discontinuities in the vacuum chamber.
The simplest characterization is by 3 variables:

resonant freq. k, = % shunt impedance R and quality factor Q.

Near resonant freq. a cavity is best modeled by a RLC-circuit.

(m) (m)
7l — Rs 7L _ Rs™ [k .
T 140Q (ke /k — k/k.)’ ™ 14iQ (k. /k — k/k,)

The above gives Z| — k= as k = w/c — oo.

But the correct behavior given by optical diffraction model is [21]
7)) — k=*/2 for non-periodic cavities

7)) — k=3/2 for an infinite array of cavities.

Shunt impedance is responsible to resistive loss and beam loading.

High shunt impedance and high @ are responsible for coupled-bunch
instabilities.
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Closed Pill-Box Cavities

o If cavity is pill-box like with relatively small beam pipe,
it can be approximated by a closed pill-box of radius d and width g.
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Closed Pill-Box Cavities

o If cavity is pill-box like with relatively small beam pipe,

it can be approximated by a closed pill-box of radius d and width g.

@ From Jackson, for example,
2
. 2
resonant freq.: k;,, = 0'1”2" +

shunt impedance:

[ Rs ] Zy 8

Rs
L Q 10np XgnJ(l)2(X0'7) ﬂ-gkO”P

R Z 2
Q 1np Jiz(Xln) ng2kfnp

@ Resonant freq. wmn, = kmnpc.

kon
sin2g Onp
2p

gkOn
COS2 e

20
gklnp
28
gklnp
20

sin?

COS2

Xmn IS nth zero of Bessel function J,,(x).

1
1+($0p

p even

p odd

p # 0 and even

p odd
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Numerical Computation and Measurement

@ Only impedances of cavities of simplest shape, like the pill-box,
can be computed analytically.

@ For the actual cavities, numerically computation is necessary,
using codes like SUPERFISH, URMEL, etc.

e Calculation gives resonant freq. f,, R/Q and R and E and H for the
lower modes.
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Numerical Computation and Measurement

@ Only impedances of cavities of simplest shape, like the pill-box,
can be computed analytically.

@ For the actual cavities, numerically computation is necessary,
using codes like SUPERFISH, URMEL, etc.

e Calculation gives resonant freq. f,, R/Q and R and E and H for the
lower modes.

@ Here is a URMEL modeling of Tevatron rf cavity

N
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@ Only half of cavity is modeled.

@ Need to specify boundary at left. Either E; =0 or H, =0.
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@ Only half of cavity is modeled.

Mode 2: H; =0
fres =84.1 MHz

Mode 3: E; =0

fros=166.6 MHz

Mode 4: H, =0
fres =188.9 MHz

Mode 5: E; =0

@ Need to specify boundary at left. Either E;, =0 or H; =0.
4 v D T oa o4 Yttt o4
'R} o B U T a w » = » w » 9 b & #F 1 T RS S S Y Y X Vlid

) R P S S N ) adad

----- LA r EE B AR L FE A BN e g oa oy bbb

D N I B I AL I A S S AP ST AP \ o
sttt ittty s v e

I I R

£y COR N I T O O A O B \ s
TS S A I 0 A . B AR —

[ A AR 2 2 2 2 N I B IR O A O A LI B S AT

A R A A A A NN O A R {7~
I 0 O A T O S S A A 0 A A S A -

fros =286.0 MHz

TN e - -
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@ Only half of cavity is modeled.

Mode 2: H; =0
fres =84.1 MHz

Mode 3: E; =0

fres =166.6 MHz

Mode 4: H, =0
fres =188.9 MHz

Mode 5: E; =0
fres =286.0 MHz

@ Need to specify boundary at left. Either E;, =0 or H; =0.
4 Vo b 4 e e e e T oa o4 R
AR AR PR AR 2 T T T T R T RS S S Y Y X Vlid
R A N A A P S S N ) adad
---- L r AL HE FE L EE R B e o oa o e w bbb
a4 LI B 2 O O B S S N S Y S \ e
sttt ittty s v g
I I R
S DTSR O O O B U A A N B \ P
PSR S N A O B B A -
CER I N N 2 IR AR N A IR O A O A LI B S AT
A R A A A A RN AR S SN {7~
1 I O O A A ST S B S B A A B A —

TN e - -

@ Tevatron cavity has also been measured by Sun and Colestock using

method of dielectric bead-pull and wire measurement.
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Longitudinal Modes of Tevatron Cavity

URMEL Results

Sun’s Measurements

Mode Type Frequency R/Q Q Frequency R/Q Q
(MHz) () (MHz)  (2)
TMO-EE-1 53.49 87.65 9537 53.11 109.60 6523
TMO-ME-1 84.10 2261 12819 56.51 18.81 3620
TMO-EE-2 166.56 18.47 16250 158.23 11.68 6060
TMO-ME-2 188.94 10.83 18235
TMO-EE-3 285.94 7.53 20524 310.68 7.97 15923
TMO-ME-3 308.46 4.07 22660
TMO-EE-4 402.69 493 25486 439.77 5.23 13728
TMO-ME-4 431.34 1.72 26407 424 .25 1.28 6394
TMO-EE-5 511.69 5.57 25486 559.48 6.73 13928
TMO-ME-5 549.57 1.36 29453
748.18 10.90 13356
768.03 2.47 16191
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Transverse Modes of Tevatron Cavity

@ Agreement is not bad except for quality factors @, which are much
higher in URMEL computation.

@ There are many de-Q structures not taken into account in URMEL.
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Transverse Modes of Tevatron Cavity

@ Agreement is not bad except for quality factors @, which are much

higher in URMEL computation.
@ There are many de-Q structures not taken into account in URMEL.

@ The transverse of dipole modes have never been measured.
Below are the URMEL results:

Mode Type Frequency R/Q Q
(MHz)  (©/m)

1-EE-1 486.488 229.80 31605
1-ME-2 486.864 148.95 31487
1-EE-2 513.370 117.38 33262
1-ME-3 518.317 117.93 34008
1-EE-3 561.727 81.62 33029
1-ME-4 575.298 3.84 35810
1-EE-4 625.123 61.00 32598
1-ME-5 650.853 35.21 37592
1-EE-5 699.723 54.76 33407
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@ Bellows are flexible joints between 2 elements.

@ They also provide significant stretching in temperature change.

especially when the ring cools down to super-conducting temperature.
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@ Bellows are flexible joints between 2 elements.

@ They also provide significant stretching in temperature change.

especially when the ring cools down to super-conducting temperature.

@ There are essentially 2 types of bellows.

@ Inner Bellows: ””” """"""""" ”””
just a combination of many —  — ~ ~ TTTTTTTTTC
small ripples. Example: Ml inner bellows

@ Outer Bellows: o
Consist of a large can with

only a few ripples. ””””

@ Example: former Fermilab
Main Ring.

Can be treated as a big
cavity with ripples outer bellows
neglected. g g
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Analytic Solution of One Ripple [jj8e J

@ The imp. of one single cavity has been worked W\
b

out by Henke via field matching.

o Essentially, infinite length of beam pipe is
assumed.

@ The imp. is much simplied when g < b,
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Analytic Solution of One Ripple [jj8e J

@ The imp. of one single cavity has been worked W\
b

out by Henke via field matching.

o Essentially, infinite length of beam pipe is

2
assumed. 9
@ The imp. is much simplied when g < b,
—igZo
Zi(w) = —— 70
1) 7blg(kb/37)D
S . ) .
Ri(kb) . 1 ( 5. SIN ﬁsg> 1 ( —a.zSinh asg)
—1 +2lk 1—e" sg,i — l-e 86— 2= .
Ro(kb) ; B2b Bsg S:;Hagb asg

Beb=/ICD2 =2, asb= /& — K2P?,
Jos is sth zero of the Bessel function Jy

Jos is the zero that is just larger than or equal to kb.
Ro(kb) = Jo(kb)No(kd) — Jo(kd)No(kb), with d = b+A.
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Real Z in Ohms

@ As an example, consider a bellow ripple with A/b=0.1, g/b=0.025

20 ] 10— -

Imaginary Z in Ohms

0 5 10 15 20 25 0 5 10 15 20 25
kb=wb/c kb=wb/c

@ For pipe radius b=3.5cm, A =35 mm and 2g = 1.75 mm.
Main peak at f, =~ 1.64 GHz above cutoff, broadband with Q ~ 12.

@ At Tevatron rev. freq., Zy,/n ~ 3.8 x 107° Q.

@ Res. freq. is given by Zm D = 0.
@ Here since kb > 1, D can further be simplified by letting g/b — 0.
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S oo

i
Z /k2b2 ./Os st;_l /jgs_k2b2>-

o If we neglect summations, res. freq. are just given by cotk,A =0,

° D—lcotkA+2kg<

condition for radial waveguide of depth A.
T 37

Res. occur at kK, A = R and are very sharp and narrow.
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S oo

1
@ D =icotkA + 2kg (Zm SZS;_I m)
o If we neglect summations, res. freq. are just given by cotk,A =0,
condition for radial waveguide of depth A.
T 37
27 27
@ 1lst summation: all waves above cut-offs, which contribute to heavy
damping of the resonances, contributing to Q.

Res. occur at k., A = , and are very sharp and narrow.
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S oo

i
Z /k2b2 ./Os 5254:—1 /jgs_k2b2>-

If we neglect summations, res. freq. are just given by cotk,A =0,

D—lcotkA+2kg(

condition for radial waveguide of depth A.

T 37
Res. occur at kK, A = 5 and are very sharp and narrow.
1st summation: all waves above cut-offs, which contribute to heavy
damping of the resonances, contributing to Q.

2nd summation: all below-cutoff waves that are trapped near cavity
opening.

They increases the effective depth of ripple and thus lowers the resonant
freq., — detuning

. b b
Here, res. freq. is reduced from k.b = (k.A) <A> = ;T—A: 15.7 to ~ 12.
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S oo

i
Z /k2b2 ./Os 5254:—1 /jgs_k2b2>-

If we neglect summations, res. freq. are just given by cotk,A =0,

D—lcotkA+2kg(

condition for radial waveguide of depth A.

T 37
Res. occur at kK, A = 5 and are very sharp and narrow.
1st summation: all waves above cut-offs, which contribute to heavy
damping of the resonances, contributing to Q.

2nd summation: all below-cutoff waves that are trapped near cavity
opening.
They increases the effective depth of ripple and thus lowers the resonant
freq., — detuning
. b b
Here, res. freq. is reduced from k.b = (k.A) NN 15.7 to ~ 12.
kb dZImD

2Re D d(kb) . get typically Q ~ 3 to 8.

kb=k,b

Quality factor: @ ~
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@ For N ripples in bellows system, a rough estimate is to assume

f, and @ same as one ripple, while Z,,,t becomes N-fold.

@ Bellow convolutions are closed to each other and therefore talk to each
other. Resonance freq. will be lower.
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@ For N ripples in bellows system, a rough estimate is to assume

f, and @ same as one ripple, while Z,,,t becomes N-fold.

@ Bellow convolutions are closed to each other and therefore talk to each
other. Resonance freq. will be lower.

e Codes TBCI [23] or ABCI [24] computes the wake behind a Gaussian
bunch passing thru a cylindrical symmetric structure.

0.320€412

oobor b e Gussian euee
| NO OF SIGHAS = +/- 5

| SIoMA = 4.00 W1

0.2608412

@ TBCI example:
5 consecutive ripples
b=45cm
A =5mm
2g =15 mm

0.1908412

0.800E411

02008411

- 400E+11

LONGITUDINAL WRKE IN VAS

- 100E412

bunch oy =4 mm
cell width 0.375 mm e
wake length 80 cm -

- 180Ew12

0245 81012141618202224 656870727476 788082

DISTANCE FROM FIRST PARTICLE OF BUNCH IN CM
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LONGITUDINAL IMPEDANCE IN OHMS

o.4248002

o TBCI solves Maxwell equation in time domain.

GaussTAY BUNGH
Mo OF SIGHS = /- 5
16 = 4,00 W

LONGITUDINAL IMPECANCE IN OHMS

FREGUENCY IN GHZ

® » =

2 % ® % T R s

FREQUENCY IN GHE

The wake for the bunch distribtuion \(z) = e =/277 is

Wo(z) = / dZ N2 )YWo(z — 2')

e 0 1z 1+ 18 8 ™ 2 2 m W %

[Wo(z): wake for point charge]

o Imp. Z(w) seen by bunch is computed from W;(z) by Fourier transform.
It is related to the true imp. by Z(w) = Z(w)e 2“7t/

@ Thus Z(w) can be recovered from Z(w), but error is large for large w

Recovery has been made in above imp. plots.
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Comparison with Henke's Formula i)

Case No. 2g f, in GHz
cm | cm | cm | Henke | TBCI(]]) | TBCI(.L)
1 150 | 0.50 | 0.15 | 13.3 12.3 12.3
2 2.00 | 0.50 | 0.15 | 12.2 115 12.2
3 2751050 | 0.15 | 129 11.8 11.6
4 3.25 |1 050 | 0.15 | 122 11.6 11.9
5 3.50 | 0.50 | 0.15 | 13.1 11.7 11.8
6 450 | 050 | 0.15 | 121 11.6 11.8
7 6.15 | 050 | 0.15 | 131 11.4 11.6
8 6.50 | 0.50 | 0.15 | 12.6 11.4 11.6
9 8.00 | 0.50 | 0.15 | 123 11.6 11.3
10 2.00 | 0.50 | 0.20 | 11.9 11.2 115
11 2.00 | 025 | 0.15 | 24.1 21.0 21.0
12 2.00 | 0.75 | 0.15 9.4 8.3 8.3
13 2.00 | 1.00 | 0.15 7.4 7.0 7.0
14 6.50 | 0.50 | 0.20 | 12.3 10.8 10.9
15 6.50 | 0.50 | 0.30 | 12.0 10.2 10.3

f,, fro are lowered as expected.
But Henke's estimate is good within 10% except for Case 11.
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Empirical Formula for Resonant Frequency

o We fit TBCI results and obtain

—0.948
o (2) "

@ No dependence on ripple width g. 2R
Doubling g lowers f,” by only 9%.
@ Empirical formula can also be 10 AN
0.052 oy
written as k,A = 1.37 5 < AN
implying that kA is lowered 5
from g = 1.57 to 1.37. Y

@ Trans. res. freq. roughly given by

1\?2 1\* ¢ ¢
fL ~ T T ~
Pe <4A> i <27rb> N

since (2A/mb)? < 1. :

. . 0.05 0.1 0.2 05 10
This explains why f,| ~ f,. A/b
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Low-Freq. Behaviors

@ After particle passage, EM fields are trapped
inside ripples.

@ High-freq. fields contribute to resonances and
are heavily damped.

@ For low-freq., only B are trapped, but not E,
because boundary condition cannot be satisfied
when ¢ =2g < b.

polot | b+ A z) 2Bt b+ A

° = 21 b ' n 27TR b '

@ For trans., consider Z;-

1 1 1
—izoR (= 1) (= - =
spch 10 <32 > (32 b2

N—

o 7L 2l1 1 2ol 21
= |— _—— = —
! 2 |2 (b+ A)2 T2 282
R Im 7] R
e From Z)(w) = H Cget lim —fo T
1+iQ (W’” _L) w=0 W wrQ
@r|
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R R
o From Z:(w) = -~ = , get IimOIme ==

Wri14iQ (s - ) Q

wr L

Case | b A 2g fImZ(‘)l/f (Q/GHz) | —ImZi- (Q2/m)
cm cm cm | formula TBCI formula | TBCI
1 1.50 | 0.50 | 0.15 | 0.542 0.540 224 199
2 2.00 | 0.50 | 0.15 | 0.410 0.410 08.8 89.6
3 2.75 | 050 | 0.15 | 0.315 0.310 39.4 36.0
4 3.25 | 0.50 | 0.15 0.269 0.270 24.2 22.4
5 3.50 | 0.50 | 0.15 | 0.252 0.256 19.5 18.4
6 450 | 050 | 0.15 | 0.199 0.202 9.33 8.88
7 6.15 | 0.50 | 0.15 | 0.150 0.147 3.71 3.54
8 6.50 | 0.50 | 0.15 | 0.140 0.140 3.15 3.7
9 8.00 | 0.50 | 0.15 0.117 0.117 1.70 1.64
10 | 2.00 | 0.50 | 0.20 | 0.561 0.556 132 116
11 2.00 | 0.25 | 0.15 0.222 0.221 52.8 46.7
12 | 2.00 | 0.75 | 0.15 | 0.600 0.600 139 124
13 2.00 | 1.00 | 0.15 0.764 0.720 173 155
14 | 6.50 | 0.50 | 0.20 | 0.186 0.190 4.20 3.94
15 | 6.50 | 0.50 | 0.30 | 0.280 0.277 6.30 5.70
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Effects of Many Ripples

@ We concentrate on Case 2 with b=2cm, A =5 mm,

and 2g = 1.5 mm for various number of ripples.

n |y | fl | —ImZl)f | —Tmz- K| ki
GHz | GHz | Q/GHz Q/m 10MQ /sec | 1011Q/m/sec
1 (121132 0413 85.8 0.561 223
5 [ 115 | 122 | 0410 89.6 0.534 19.9
20 | 10.0 | 103 |  0.407 83.4 0.520 16.7
40| 90| 97| 0414 86.5 0.530 16.0

@ Both £, and f,, continued lowered with more ripples.

@ However, Zm Zé'/f, Im Zi- and kj are almost n-independent.
These are quantities used in the study of single-bunch and
coupled-bunch instabilities as well as parasitic heating.

@ Conclusion: we can safely use formulae developed to compute
these quantities per ripple, multiply them by ripple number,
and use results in stability criteria and parasitic energy loss formula.
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Loss Factors kj and k.

@ Monopole energy loss: e

S [ el
=R | delrZ)

d€
Defn.. —- = e Nfok

1 ‘
@ Then k| = 7/ dw e*(“‘”/c)zReZA‘ (w)
™ Jo
@ A similar definition for the transverse,
/ > 2 1 [ 2
ky = L/ dw Zi-(w)e~(Woe/o) = _7/ dw e~ @oe/) ITm 7 (w)
27 J_ o T Jo

@ For a Gaussian bunch and using RLC-parallel-circuit formulas
for Z) and Zi*,

Riw, 1\ V2
k| = 22?& (1 - 402> Re [ZW(Z)]

ler 1 —1/2
w(z) is complex error function.
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Numerical Computation

@ All we discussed above are for inner bellows.

Most bellows are in between inner and outer bellows.

@ Tevatron bellows system is an example,

and we need to resort to numerical computation.

Cavity Shape Used 1a/uaen 140831 Wake Potentials T oo Teens
ABC 192 : The Bellows of Tevatron (expandod by 10%)

ABC192: The Ballows of Tevatron (expanded by 10%)
DDZ= 0.260 rarm, DDR= 0.320 mm

MROT= 0, SIG= 0500 em, DDZ= 0260 mm, DDR= 0.820 mm

T T T T T 10 T T T T
Charge Density
Longitudinel
0.04 — — rgitudinel
z
- 05 B
g
0.031 B |
_ 2
£ £ Wittt
f I
7 0.02~ - g
~ o
2
5 -05 B
g
@
0.01 -
“io I I I I I
000k bomm 2] 0.0 05 1.0 15 2.0 25 3.0
’ . . . | . Distance from Bunch Head § (m)
0.000 0.025 0.050 0.075 0.100 Longitudinal Wake Nin/Mex= ~5.711E-01/ 8.508E-01 V/pC,  Loss Factor= ~3.895E-01 V/pC
Z-axis (m)
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Re Z; (solid), Im 2, (dash) in kQ

o Fourier transform is performed to the wake to obtain the impedance.

Real and Imaginary Parts of Longitudinal Impedance Real and Imaginary Parts of Transverse Impedance

ABC16.2: The Bellows of Tevatron (expanded by 10%) ABC18.2: The Bellows of Tevatron (expanded by 10%)
MROT= 0, SIG= 0500 cm, DDZ= 0.280 mm, DDR= 0.320 mm 14/04/00 125108 MROT 1, SIG= 0500 cm, DDZ= 0.260 mm, DDR= 0.320 mm 22/04/80 164138

0.15

Re 7, (solid), Im Z, (dash) in k@/m

Frequency f (GHz) Frequency f (GHz)

@ The broadband res. is at ~ 7 GHz for both Z! and Zi- lower than what
Henke's prediction, and more broadband (Q ~ 1).

@ We see more structure in imp. spectrum. Here even without ripples, the
bellows structure acts as a cavity.

@ Result: ZSHh/n ~0.68 Q and low freq. Zm Z/|

/N~ —i0.34 Q.
Z1 ~ 1.1 MQ/m and low freq. Zm Z ~ —i0.40 MQ/m.

sh sh
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Comments on Bellows Numerical Computations

Exit pipe length is an issue, since all fields are assumed to drop

to zero on both sides.

Need to extend pipe length until results do not change by much.
It is best to have exit pipe length > pipe radius.

Time step has to be much less than width of ripple.

Incident beam is a short Gaussian bunch instead of point charge.
Reduction to point-particle wake fcn. is possible,
but error increases rapidly when w > o,.
Wake must terminate at a certain length in calculation.
Fourier transform will exhibit > -behavior.
X

This can be minimized by ending the wake at a point where wake is zero.

Or add a filter to Fourier transform.

@ A 2D code is always faster and easier to use than 3D code like MAFIA.
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Separators J¥d!

@ There are 27 separators in Tevatron to separate p and p bunches.

o Simplified model:

~— 257m 20 em

18 cm

/lﬁ 8.5 cm
N

2.75 m

@ Each separator consists of 2 thick
plates, 2.57 m long.
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26]

@ There are 27 separators in Tevatron to separate p

@ Simplified model:

~— 257Tm —— 20 cm

18 cm

HV FEEDTNRU
8.5 un
/1 cm

@ Each separator consists of 2 thick
plates, 2.57 m long.

@ A beam particle can excite resonances
at the upstream and downstream gaps.

FLEX PLATE.

@ Space between plate and enclosure
forms a transmission line.

o Use MAFIA to compute wakes and FFT
to obtain imp.

K.Y. Ng (Fermilab) Coupling Impedances in Accelerator Rings

RIGID pm—s)ﬁz |-
2.75 m

and p bunches.

uv FEEDTHRU

RIGID PLATE.

LVALUUM VESSEL
.
:Ifkﬂzx PLATE

fg(

1_._5“9_% e
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MAFIA Results

15

10

05

g w
::‘; -05
71,50 o 0‘5 1‘0 1‘5 2‘0 2‘5 30 700207 0‘5 1‘0 1‘5 2‘0 2‘5 >0
Frequency (GHz) Frequency (GHz)
o At low freq., for each separator, Z(l)‘/n ~ —i0.019 Q,
7Y ~ —i0.0075 MQ/m.
o For 27 separators, ZA‘/n ~ —i0.51 Q, Z) ~ —i0.20 MQ/m.
@ These are very small.
@ We would like to understand more about the impedances.
@ Instead of MAFIA, which is a 3D code, we use the 2D code URMEL in

the frequency domain.
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0.20 b

z,' (MQ)

0.0 ol { s H\.\H\‘\I\Hm.. H\H\
.0 1000.0 0.0 3000.

. 2000.
Frequency (MHz)

s]
o

@ First 50 resonant modes are shown.

They are narrow because well below f. g = 4.59 GHz.

@ In 2D representation, upstream and downstream gaps can be viewed
as 2 cavities, connected by a coaxial waveguide.
@ Waveguide resonates when ¢ = %n)\, with lowest mode
f=c/2¢=54.5 MHz. Successive modes are also separated by 54.5 MHz.
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@ These modes will be excited most when cavities are excited,
with 1st pill-box (18-cm-deep) mode at ~ 637 MHz.

We see coaxial transmission line mode peaks there.

@ 2nd pill-box mode at 1463 MHz with radial node at 7.84 cm,
at the side edge of separator plate.

@ Since it is not perturbed by coaxial guide.

This mode is very strong.

0.20 + 1

z,' (MQ)

0.0

{ L, sl H\‘\I\Hm.. ull
1000.0 2000.0 3000
Frequency (MHz)
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@ Similar analysis applies to the trans. dipole modes.
@ The lowest 50 dipole modes are shown.
@ First 2 pill-box dipole modes: 1016, 1860 MHz.

@ There is a special mode when one wavelength wraps around
“cylindrical plates” at r = 8.5 to 18 cm. Or freq. between 265 and
562 MHz.

@ This is seen in URMEL result (1st cluster).

@ This is not seen in MAFIA result, because there is no cylindrical
symmetry.

Re Z," (MQ/m)
8

[
)

\‘ N Loy

%0 h ‘H“ . ‘ o L Jn “1“1

00.0 2000.0 3000.
Frequency (MHz)
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@ Impedances of separator has been measured by Crisp and Fellenz, using
a current-carrying wire for Z) and a current loop pad for Zi-. [27]

@ Attenuation Sp; was measured and the imp. calculated according to

1 2Zscln 521
2l =2z, (—-1), zv =25
N <521 ) ’ ! wA? '

A=1 cm is current loop separation.

@ We do see similar imp. structures as predicted by MAFIA and URMEL,
except for a resonance near 22.5 MHz.

@ The resonance is due to the absorption of 1st waveguide mode by power
cables, connected to plates thru a 50 Q resistor.

0.2 T T T T 0.4

g
Lo1t j
R
| MM
00 /\*4"“—'“\)“‘\ /"\fj\/\}!\( 00 MWM' UL L e 1L
0.0

0.8 1.0 0.0 0.8 1.0
Frequency (GHZ) Frequency (GHZ)

Re Z," (MQ/m)
o 3

o
s
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Comments on Separators

@ The 2-m power cables increases the effective length of plates

and shifts 1st resonant mode down from 54.5 to 22.5 MHz.

: . ReZ]
® This resonance contribute — 0 —082Q, ReZ‘ =21MQ/m,

which are appreciable.
@ There are several ways to alleviate the effect:

» Smooth out the resonance by increasing the 50 £ damping resistor
to 500 Q.

> Increase length of power cables to further lower resonant freq.

» Maintain short Tevatron bunches to oy = 37 cm,

so as to increase lowest head-tail mode to 82.8 MHz.
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Separators vs. Strip-line BPM's

@ Separator resembles stripline BPM.
Why is separator imp. so much lower?
e In BPM, image current created at strip-lines eventually flows into
terminations, which carry 50 Q.
@ But image currents created on upper and lower sides
of separator plate at upstream gap,
annihilate each other at downstream gap.

@ Since no terminations to collect and dissipate image currents,

the loss is small.

@ Strip-line BPM does not exhibit resonances.
But there will be resonances at separator assembly,

which can contribute impedances.

@ So we must de-Q these resonances or shift them to frequencies
not harmful to the beam.
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Asymptotic Behavior of Re ZA‘ @] 23]

There is an experiment at CERN ISR to demonstrate asymptotic
behavior of Re Z!(w).

A coasting beam is circling ISR for many hours.
From inward movement of beam, energy loss is inferred.

Loss due to synchrotron radiating and collision with residual gas can be
separated, leaving parasitic loss due to impedance.

- 2 p
Ag:/ﬁ @) ReZ)(W)dw,  1(w) =D inw).

}I(w)|2 consist of 2 parts: coherent oc N2, incoherent oc N.

Coherent part is equivalent to \/(w)|2 — |/av(w)}2.

But /oy (w) consists of only w = 0 component, and does not contribute
because Re Z(|)|(O) = 0.

what we measure here is incoherent loss, or energy loss of each
individual particle.
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@ For each particle, image on beam pipe has rms length o, =

@ Spectrum is /,(w) =

@ Av. energy loss per particle per turn: AE =

qeiwt,,

21ly(vV20,w)

e

™

o
©

o
©

o
3

o
o

o
b

— 3.6GeV
—— 15.4 GeV
—— 31.4GeV

Charge Spectrum 1, %(fb/2mtByc)

o
[

o
o

10 100
Frequency f (GHz)
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Results show that parasitic loss
of coasting beam is individual
point particle loss.
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‘ n

100

z

P U kpm o |w/27 |(wy/2w| <2Z> |<2/n>
Gev/c|mev|v/pc| ps GHz GHz kQ ! o k0
3.6 |75 | 470] 21.4] 6 10 7

16 14.4] 0.29
15.3 [167]1040| 5.0 | 26

44 6 | 0.04
31.4 [235/1470| 2.5 | 62

@ If only 2 points are fit with a straight line, result consistent with
ZA' —w

-1/2.

S-V model

\ asymptote
\o- w32

1
1

10

100 GHz wi2m

@ It is nice that the experiment can be repeated at Tevatron.
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